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Introduction {#sec001}
============

Current paradigm shift {#sec002}
----------------------

An aging population exacerbating the current rate of bone related health complaints combined with increasing client expectations from bone surgical procedures will drive the push for implementing new technologies for innovative bone prosthesis and scaffolds. For biomedical companies to be competitive in the market, it is imperative for them to focus on continuous product development, and the customised needs of their customers. Custom products satisfy the specific individual needs for each patient \[[@pone.0195291.ref001]\], but is excessively expensive using traditional manufacturing methods \[[@pone.0195291.ref002]\]. However, the recent advent of additive manufacturing (AM) technologies also known as 3D printing is providing a new path for the design and manufacture of custom medical devices.

Additive manufacturing {#sec003}
----------------------

AM is an emerging manufacturing technology capable of fabricating complex shapes, and manipulating material properties that are impossible with traditional manufacturing methods. This technology is supported by CAD software to build 3D physical models from a series of cross sections that are automatically joined together to create the final shape \[[@pone.0195291.ref003]\]. The best known AM methods in the biomedical field are stereolithography, selective laser sintering, Inkjet 3D printing, electron beam melting, polyjet photopolymer and fused deposition \[[@pone.0195291.ref004], [@pone.0195291.ref005]\]. There are a variety of materials that can be used by these AM methods such as plastics, ceramics, metals and living cells \[[@pone.0195291.ref003], [@pone.0195291.ref006]\]. These materials are used by AM in the form of powders, filaments, and liquids \[[@pone.0195291.ref007]\].

3D printing is rapidly growing in popularity in the biomedical field for the development and design of customized bone prostheses and scaffolds \[[@pone.0195291.ref008]--[@pone.0195291.ref011]\]. To achieve accurate and safe bone solutions, 3D printing manufacturing needs to be integrated with other technologies such as digital medical imaging, material science, CAD, Finite element analysis (FEA), nano surface modification, motion capture, virtual surgical planning, and also with concurrent collaboration of experts from different fields \[[@pone.0195291.ref012]\].

Custom 3D printed bone prostheses and scaffolds have to overcome several barriers before being released to the market. Some of these barriers are that medical devices are strictly regulated by organizations such as FDA (USA), EMA (European Union), and TGA (Australia), in order to ensure their compliance to medical specifications and consistency in manufacturing practices. Moreover, current standardization methods applied to traditional manufacturing methods are not suitable for 3D printing technology \[[@pone.0195291.ref013]\]. As a result, there is a lack of standardization and defined quality control processes \[[@pone.0195291.ref014]\]. Furthermore, additive manufacturing incorporates new technologies in the biomedical field, and the design and fabrication of custom bone implants requires many steps that might lead to imperceptible errors, affecting the performance and consequently, patient safety. Successful industry transformation to this new design and manufacturing approach requires technology integration, concurrent multi-disciplinary collaboration, and a robust quality management framework.

Product development: Avoid the 'valley of death' {#sec004}
------------------------------------------------

Product development involves numerous changes, iterations, and evaluations to achieve final product concept and design \[[@pone.0195291.ref015]\]. Early stage design can comprise 70% of the total product life cycle and influence between 70% and 85% of the total product cost \[[@pone.0195291.ref016]\]. For medical devices, higher development costs reflect inherent complexity and risks plus the clinical testing required by medical regulatory organizations \[[@pone.0195291.ref017], [@pone.0195291.ref018]\]. Tissue engineering ventures are susceptible to insolvency from a "Valley of Death" funding gap, due to costly pre-clinical and clinical studies for safety assessment before clinical approval \[[@pone.0195291.ref019]\]. Consequently, despite large investment, only a relatively small percentage of new tissue engineering research achieves clinical application and market release \[[@pone.0195291.ref019]\].

In order to help to close this gap, research studies should focus on technologies and processes that have the potential to be scalable, and designed for a particular clinical application that can achieve regulatory approval, gain surgeons acceptance and guarantee insurance coverage \[[@pone.0195291.ref020]\]. However, during the early stages of product development, the chances of a risk event are most likely to occur \[[@pone.0195291.ref021]\]. Therefore, efforts and resources to reduce and control product development risks should be expended at the early development stages, where the cost of a risk impact is less than if it takes place in other phases of the product life cycle \[[@pone.0195291.ref021]\]. Moreover, new developments should be systematically designed, manufactured and tested \[[@pone.0195291.ref022]\], fostering rational design approaches and avoiding trial-and-error studies \[[@pone.0195291.ref023]\] to also accelerate research timelines and reduce development costs \[[@pone.0195291.ref024]\]. Additionally, product success is directly influenced by its predevelopment activities such as preliminary market assessment and technical analysis \[[@pone.0195291.ref025]\].

Quality by design for 3d printed bone implants {#sec005}
----------------------------------------------

The concept of QbD was first created and published in 1985 by Dr. Joseph Juran to build quality during the development of products and services \[[@pone.0195291.ref026]\]. Juran's ideas were later adopted by the US Food and Drug Administration (FDA), and the International Conference on Harmonisation (ICH), in order to create a flexible regulatory framework to improve pharmaceutical manufacturing processes and enhance pharmaceutical product quality \[[@pone.0195291.ref027]\]. This framework includes the ICH harmonised tripartite guidelines (ICH), incorporating guidelines ICHQ8(R2), ICHQ9, and ICHQ10. The QbD approach is composed of eight main steps that follow in a systematic way they can provide a deep understanding of the product and its manufacturing process, including the identification and control of all variables to ensure desired quality. These eight steps are: (1) Quality target product profile (QTPP), (2) critical quality attributes (CQA), (3) process flow diagram (PFD), (4) critical process parameters (CPP) and material attributes (CMA), (5) risk assessment (RA), (6) design space (DS), (7) design and implement a control strategy (DICS), and (8) development of strategies for product lifecycle management and continuous improvement (PLMCI).

Quality by design (QbD) is an approach where the product is carefully designed, with consideration provided to all aspects of its life cycle. Thus, the product is designed correctly from the beginning \[[@pone.0195291.ref028]\]. QbD is a tool that uses science and quality risk management to acquire a deep understanding of products and processes and eventually process control \[[@pone.0195291.ref029]\]. QbD philosophy is focussed on building quality into the product development process \[[@pone.0195291.ref030]\], with the main activities performed concurrently using multidisciplinary efforts, thereby providing immediate feedback \[[@pone.0195291.ref028]\]. Moreover, waste, time and cost can be reduced through early detection of errors and mistakes during the design and fabrication processes of 3D printed products \[[@pone.0195291.ref031]\]. Furthermore, the implementation of QbD can help to reduce the regulatory burden that forces many product engineers to purposely design their products to fit within existing approved thresholds in order to avoid seeking further time consuming approvals for minor variations \[[@pone.0195291.ref032]\].

Purpose and objectives {#sec006}
======================

QbD encourages process and product understanding to support innovation and efficiency in product development. Moreover, the application of a QbD approach helps to meet FDA regulatory requirements \[[@pone.0195291.ref032]\]. The benefits of QbD can be translated into an acceleration of product development, and a reduction of costs and waste. Therefore, the purpose of this study is to adapt the QbD approach to early stage design of custom 3D printed bone implants considering the ICHQ8(R2) guidelines \[[@pone.0195291.ref033]\] and existing quality risk management tools. Hence, the current study sought to achieve the following three main objectives:

1.  Identify the main applications and benefits of a QbD approach as described in previous research studies.

2.  Develop a comprehensive design and fabrication process flow diagram of custom 3D printed bone implants.

3.  Identify and categorise the risks associated with the design and fabrication processes of such products to facilitate further risk assessment analysis.

4.  Develop and validate an adaptation of the QbD approach to early stage design for custom 3D printed bone implants.

Scope {#sec007}
=====

[Fig 1](#pone.0195291.g001){ref-type="fig"} illustrates the focus of this current study within the overall systematic eight step QbD approach for the development of process and product design. Specifically the scope of this present study is limited to:

-   A statistical analysis of 30 peer reviewed journal papers to identify the main reasons why QbD had been used in different health related research fields, including their main outcomes and benefits.

-   The implementation of the first five steps (i.e. Steps 1--5) of the QbD framework for the early design stages of custom 3D printed bone implants.

-   A general QbD approach is specified for each element within each of the five steps; detailed specifications for different bone implant topologies are outside the scope of the present study.

-   The Risk Assessment step (i.e. Step 5) is limited to the identification and categorisation of risks associated with the quality of such products during their design and fabrication.

![QbD systematic product and process design development flow chart showing principal steps.\
Adapted from \[[@pone.0195291.ref027], [@pone.0195291.ref034]\].](pone.0195291.g001){#pone.0195291.g001}

Materials and methods {#sec008}
=====================

This is a qualitative exploratory research study that is focused on the adaption of the QbD approach to custom 3D printed bone implants. To the authors' knowledge, no previous work has investigated, discussed and/or proposed implementation of the QbD approach to 3D printed bone implants. We propose a constructive research approach to produce innovative solutions to practical problems in a heuristic manner, followed by validating the solution afterwards \[[@pone.0195291.ref035]\]. The solutions are commonly proposed using managerial problem-solving techniques through the construction of models, diagrams, plans, and organizations \[[@pone.0195291.ref036]\]. The recommended solutions requires the researchers to immerse themselves in the contextual literature to allow an in-depth interpretation and synthesis of the problems \[[@pone.0195291.ref035]\].

According to Oyegoke (35), the constructive research approach comprises six phases which are covered in this study in the following manner:

-   *Phase one*: Involves finding a relevant practical problem that has strong research potential. This study aimed to fill a gap in knowledge by formulating a QbD for the development of custom 3D printed bone implants.

-   *Phase two*: Focuses on creating topic understanding, which was achieved by completing a comprehensive literature review, followed by a systematic development of a specific QbD system tailored for custom 3D printed bone implants.

-   *Phase three*: Involve innovating and designing a new construct and was achieved through the design of a unique QbD system for the development of custom 3D printed bone implants. The authors are not aware of previous reported work that has investigated, discussed, and proposed a QbD system for custom 3D printed bone implants.

-   *Phase four*: This phase should demonstrate that the new construct (solution) works. This research will demonstrate that a systematic implementation of the QbD system for 3D printed bone implants can provide a more comprehensive understanding of the design and manufacturing processes of relevant products through providing a detailed workflow map of these processes. This workflow map will lead to a more accurate identification of the risk sources and its potential effects on product quality, through the development of a Risk Breakdown Structure.

-   *Phase five*: Focuses on the theoretical connections and the research contribution of the solution concept. The new novel QbD approach proposed in this study is supported by various different datasets obtained from peer-reviewed papers. Moreover, the reliability of this study is based on design and fabrication methodologies, and lessons learned that have been used successfully in different studies for the development of 3D printed bone implants.

-   *Phase six*: Semi-structured interviews were completed in order to solicit opinions from pertinent experts on the applications and benefits of QbD for 3D printed prostheses and scaffolds.

Data collection {#sec009}
---------------

Three systematic searches were conducted based on objectives 1, 2, and 3 and according to the Prisma statement \[[@pone.0195291.ref037]\]. The first systematic search was performed in Science Direct on 2^nd^ August 2017. Search term was related to studies implementing the concept of Quality by Design based on objective 1. The search related term was: "*quality by design*".

The second and third systematic search were based on the objectives 2 and 3 defined above. Searches of Science Direct and Google Scholar databases was conducted on 10^th^ November 2016. Search terms were related to AM of bone implants and the risks associated to product quality during their design and fabrication.

The terms related to objective 2 were: Additive manufacturing; 3D printing; rapid prototyping; reverse engineering; tissue engineering; and biomimetic. These terms were connected to independent keywords using Boolean operators (AND, OR) in order to narrow down search. The connected independent keywords were: scaffold(s); custom(ized, ised); patient specific; implant(s); prosthes(is, es); design; and lattice.

The full search phrase used for objective 2 was:

> (\"Additive manufacturing\" OR \"3d printing\" OR \"rapid prototyping\" OR \"reverse engineering\" OR \"tissue engineering\" OR \"biomimetic\") AND (scaffold\* OR custom OR custom?ed OR \"patient specific\") AND (implant\* OR prosthes\* OR design OR lattice)

The terms related to objective 3 were: \"Additive manufacturing; 3D printing; rapid prototyping; and reverse engineering. These terms were connected to independent keywords using Boolean operators (AND, OR): accuracy; defect(s); metrology; quality; errors; optimi(zation, sation); strategy; and rules.

The full search phrase used for objective 3 was:

> (\"Additive manufacturing\" OR \"3d printing\" OR \"rapid prototyping\" OR \"reverse engineering\") AND (accuracy OR defect\* OR metrology OR quality OR errors OR optimi\* OR strategy OR rules)

Interviews are one of the most common techniques to gather primary data in all type of business and management research \[[@pone.0195291.ref038]\]. Interviews can be used to extract expert knowledge about their experiences, beliefs, or opinions \[[@pone.0195291.ref039]\]. Therefore, in order to confirm the applications and benefits of the adaptation of QbD, qualitative semi-structured interviews were selected as the data collection instrument to be performed with each interviewee. For the purpose of this study, the exploratory approach was adopted following the consolidated criteria for reporting qualitative research (COREQ) \[[@pone.0195291.ref040]\]. By following this approach, 26 questions in total divided in four specific groups were designed. Moreover, an interview guide and a PowerPoint presentation were designed to guide the direction of the conversation, present the preliminary results obtained from the adaptation of QbD and the statistical analysis, and to gather deeper insight on matters that could not be taken into account during the systematic search. (See supplementary material in [S2 File](#pone.0195291.s002){ref-type="supplementary-material"} for complete details of this procedure).

Study selection {#sec010}
---------------

Selected studies from the first systematic search were limited to the following inclusion criteria: (1) peer-reviewed papers with full-text; (2) empirical studies showing evidence of the applicability of Quality by Design approach; (3) published in English language; (4) assess the first ten pages of the search results; (5) sort the search results by relevance.

Selected studies from the second and third search were limited to the following inclusion criteria: (1) peer-reviewed papers with full-text published within the last 16 years (2000--2016); (2) empirical studies showing evidence of the applicability of design and manufacturing methods; (3) reports describing errors and difficulties experienced during any step of the design and manufacturing process; and (4) published in English language; (5) assess the first one hundred thirty pages of the search results; (6) sort the search results by relevance.

The criteria to select the participants for this post-hoc QbD evaluation study was based on their experience and expertise in the field of study. Therefore, pertinent experts in the field of tissue engineering, medical product development, and orthopaedic surgeons with previous experience with 3D printed bone implants, were selected. The sample size is limited by the nature of the research field, which is characterized by small samples, but detailed and extensive work \[[@pone.0195291.ref041]\]. Therefore, the snowball sampling method was selected since it allow further study participants to be suggested or introduced from the interviewees network \[[@pone.0195291.ref039]\].

Data extraction and analysis {#sec011}
----------------------------

For the systematic review, full-text screening was independently performed by the authors. Any discrepancy between the two reviewers was resolved by a consensus meeting. The articles were classified based on their research objectives to facilitate their analysis. The classification topics were: quality by design, properties and requirements of porous scaffolds; medical image; biomaterials and surface treatments; study cases; 3D printing methods; 3D printing fabrication errors; design approaches; and performance simulation (finite element analysis; and joint kinematics simulation). The classified articles were thoroughly reviewed and analysed according to the objectives of this study. From *search 1* the following information was extracted: article application context, QbD implemented steps; QbD tools used; Key output/conclusion. Moreover, the articles' key output/conclusion was classified in different four categories: (1) Process understanding (PU); (2) Prediction and optimization (PO); (3) Reduction of experimental runs (RER); (4) Development of robust manufacturing methods (DRM). Furthermore, the total number of experiments that each study performed was gathered, including the calculation of the number of experiments if they had used one variable at the time.

For the articles from *search 2* and *3*, the analysis was aimed to obtain: a deep understanding of the technologies and processes involved; data related to the design and fabrication of patient-specific bone implants; and to identify risk factors related to their design and fabrication. Additionally, the reference list from collected papers was systematically reviewed to identify further items. Once all applicable literature was identified ([Fig 2](#pone.0195291.g002){ref-type="fig"}) the tailored QbD approach adapted specifically for 3D printed bone implants was formulated.

![Search strategy and selection of the studies.](pone.0195291.g002){#pone.0195291.g002}

With regards to the interviews' data extraction, an interview guide was used to maintain the direction of the conversation and the relevant lines of enquiry, whilst probing into the issues of interest (see supplementary material in [S2 File](#pone.0195291.s002){ref-type="supplementary-material"} for further details on this procedure). To obtain a complete and accurate description of the interviewee's responses and comments, all interviews were recorded and transcribed for further analysis. Moreover, at the beginning of each interview a consent form was delivered to each participant, explaining that the information that they will provide will be considered confidential and that only a de-identified summary of results may be used for presentations and publications. Consequently, each participant signed the consent form and approved the interview be audio recorded. The types of questions that this research addressed were *descriptive* and *structural*. *Descriptive* questions are asked to get descriptions of things and processes in order to get insights, or to check validity or accuracy about something \[[@pone.0195291.ref039]\]. *Structural* questions help the researcher to categorize groups of things and processes and to understand its relationships \[[@pone.0195291.ref039]\].

Qualitative data analysis required to examine, categorize, tabulate, test and combine evidence to address the initial propositions of a study \[[@pone.0195291.ref042]\]. The data analysis for the semi-structured interviews followed two key steps recommended by Eisenhardt \[[@pone.0195291.ref043]\]: within-case and cross-case analyses. In this study the within-case analysis was concerned with the evaluation of the collected data, as well as the reporting of the findings of each individual case study. A systematic reading through each transcript was performed, to then assign codes to tag segments with similar content to sort them into separate categories for a final distillation into major themes (see supplementary material in [S2 File](#pone.0195291.s002){ref-type="supplementary-material"} for further details on this procedure). The codes were pre-designed using the deductive coding technique based on the four groups of questions designed for the interviews \[[@pone.0195291.ref044]\]. It is worth mentioning that due to the open ended nature of the interview questions, the answers for some particular questions were mixed up with another question. As a result, part of the data gathered was of an "unstructured" nature consisting of long paragraphs which were organized in a structured and evidentiary-based manner to be able to draw conclusions as the study progresses. The information obtained from each interview provided an insight into how different factors of the adapted QbD system were perceived by experts from different fields of expertise. This was presented in the form of evidentiary tables, detailed in supplementary material in [S2 File](#pone.0195291.s002){ref-type="supplementary-material"}, containing the classified evidence from each interview using Miles, Huberman \[[@pone.0195291.ref045]\] tabular approach.

Following this, the cross-case analysis was performed to find patterns, agreements, and disagreements in opinions between the interviewees \[[@pone.0195291.ref046]\]. To facilitate the cross-case analysis, the information in the form of evidence extracts, was categorized in tabular manner based on the coding used (see supplementary material in [S2 File](#pone.0195291.s002){ref-type="supplementary-material"}). Once all the evidence had been organised, the results of this analysis were used to enhance and confirm the preliminary results obtained from the adaptation of the QbD approach, and to report participants' opinions and concerns.

Results {#sec012}
=======

Prior QbD study descriptive statistics {#sec013}
--------------------------------------

A total of 30 prior completed QbD studies were statistically and qualitatively analysed to identify: the most implemented QbD steps; reasons to use the QbD system in research; positive results and drawbacks that were encountered in the QbD implementation; the total reduction of experiments obtained by using the QbD system. According to our results, QbD has been widely used in different pharmaceutical fields for several purposes, such as formulation and process design \[[@pone.0195291.ref027]\], improvement of drug manufacturing \[[@pone.0195291.ref047]--[@pone.0195291.ref049]\], and development of nano based pharmaceutical products \[[@pone.0195291.ref050]--[@pone.0195291.ref052]\], (See supplementary material in [S1 File](#pone.0195291.s001){ref-type="supplementary-material"}). Moreover, it was found that the most implemented QbD steps in the reviewed studies are: identification of critical process parameters and material attributes (CPP/CMA), design space (DS), and identification of critical quality attributes (CQA), with 93%, 87%, and 77% respectively (see [Fig 3C](#pone.0195291.g003){ref-type="fig"}). Whereas the QbD steps used the least were: development of strategies for product lifecycle management and continuous improvement (PLMCI), process flow diagram (PFD), and design and implementation of a control strategy (DICS), with 0%, 23%, and 17% respectively.

![(a) Studies' main objective, PU: Process understanding, PO: Prediction and optimization, RER: Reduction of experimental runs, DRM: development of robust manufacturing; (b) Percentage of reduction of experimental runs per paper; (c) QbD steps implemented in the reviewed studies.](pone.0195291.g003){#pone.0195291.g003}

Furthermore, shown in [Fig 3A](#pone.0195291.g003){ref-type="fig"} it was identified that QbD was mainly used to achieve four different objectives: process understanding (PU), prediction and optimization (PO), reduction of experimental runs (RER), and development of robust manufacturing methods (DRM).

The majority of the studies (86%) used QbD to enhance process understanding (PU). The identification of CQA and CPP/CMA were the main steps of the QbD approach used for this purpose, representing 77% and 93% respectively ([Fig 3C](#pone.0195291.g003){ref-type="fig"}). For example, Verma, Lan (52) used QbD to gain a comprehensive understanding of the preparation and processing of nanosuspensions via microfluidization by identifying various two-way interactions between independent variables which were impossible to detect using other methods. Similarly, Zhang, Yan (47) used QbD to improve the manufacturing process with regard to the understanding of botanical drug products. In this study they identified the potentially critical factors on the performance of ethanol precipitation to later develop a potential design space of the ethanol precipitation operation. According to Zhang, Yan (47) "*QbD is a powerful tool in improving the knowledge of the relationships between potentially high-risk factors and the performance of ethanol precipitation...*".

Prediction and optimization of pharmaceutical formulations (PO), and reduction of experimental runs (RER) were the second and third reasons for using QbD in the 30 studies, with 56% and 53% respectively (see [Fig 3A](#pone.0195291.g003){ref-type="fig"}). A total of 16 studies out of 30 aimed for the reduction of experimental runs. Incredibly, 50% of these studies reduced their experimental runs by more than 90%. On average the reduction of experimental runs was 78% ([Fig 3B](#pone.0195291.g003){ref-type="fig"}). In regards to optimization of pharmaceutical formulations, Mazumder, Pavurala \[[@pone.0195291.ref053]\] optimized the formulation of an oral disintegrating film to reduce its dissolution time from 10--40 mins to 3--6 min, representing an improvement of 85%. In another study, Schmidt and Molnár \[[@pone.0195291.ref054]\] reduced the purity testing of non-sedating antihistamine using an ultra-high performance liquid chromatographic (UHPLC) method from 160 min to 4 min, representing an impressive 40-fold increase in productivity.

The fourth reason identified for the implementation of QbD was the development of robust manufacturing methods (DRM) by reducing variability in production. Merely 36% of these studies used QbD for this purpose ([Fig 3A](#pone.0195291.g003){ref-type="fig"}), and 23% implemented the 7^th^ step of the QbD approach, which aims to design and implement a control strategy (DICS), as shown in [Fig 3C](#pone.0195291.g003){ref-type="fig"}. A good example of variability reduction with QbD is Cun, Jensen \[[@pone.0195291.ref051]\] study, where they were able to increase the encapsulation efficiency of Poly(DL-lactide-co-glycolide acid) PLGA nanoparticles from 2.01% to 60%, and reduce the variation efficiency from 49.17% to just 10%. Also Dubey, Boukouvala \[[@pone.0195291.ref055]\] were able to improve their production variability. In their study they reduced the tablet coating variability by more than 50%, and concluded: "*These results reported here demonstrate that the new coating process optimized by this QbD study was robust and produced consistent results*".

In summary, the review of prior QbD studies suggests that the majority of them presented low levels of maturity in regards to the product development life cycle. The reason is that most of the research studies did not aim to reach commercial stages; therefore, the 7th (DICS), and 8th (PLMCI) QbD steps were perceived as being irrelevant for most of these research studies. Additionally, it has to be noted that the QbD system was developed to assist and accelerate the product development process in pharmaceutical companies, therefore it is not surprising that all the steps of the QbD system were not implemented in any study.

Nevertheless, it is evident that all of these studies showed positive results from the implementation of QbD. Moreover, despite that only a few studies aimed for DRM and implementation of the DICS step, they achieved remarkable results. Furthermore, most studies had a dramatic reduction of experimental runs and process variability, which can be translated to lower cost and improved quality. The implementation of QbD can provide similar benefits to different kinds of processes and products regardless of the industry to which they belong. Therefore, QbD is a powerful system that can assist in the development of 3D printed bone implants and scaffolds to provide better products and process understanding, ensure robust manufacturing, and minimize development risks and cost.

QbD Step 1: Ideal quality target product profile {#sec014}
------------------------------------------------

The Quality Target Product Profile (QTPP) is a description on how the product will be used by the end user, providing important information about its ideal characteristics and features in relation to safety and performance \[[@pone.0195291.ref056]\]. This will assist new product development phases, directing the development process to a clear goal \[[@pone.0195291.ref057]\]. It will also assist in identifying medical device development failures in the early development phases, and reduce the total development time and costs \[[@pone.0195291.ref057]\]. Therefore, before starting the development of a new product it is important to define the QTPP, drawing on the expertise of multiple professions, including scientists, engineers and medical specialists, to optimally meet future product expectations. Definition of the QTPP should also take into account users' needs in relation to product sales and market success \[[@pone.0195291.ref058]\]. Moreover, it is important to point out that the formulation of QTPP is a dynamic process which receives feedback from all of the QbD systematic processes. As a result, QTPP is updated through the product development life cycle as new knowledge is acquired \[[@pone.0195291.ref058]\].

In order to describe the ideal quality characteristics of custom 3D printed bone implants, eight quality dimensions will be used to create the framework to measure product quality, giving consideration to various perspectives and market competitiveness \[[@pone.0195291.ref059]\].

Garvin (60) explains five approaches to define quality, based on different perspectives. These approaches are *the transcendent based approach*, *user approach*, *manufacturing based approach*, *value based approach*, and *product based approach*. In the case of bone implants, the client is usually the orthopaedic surgeon, who makes the final decision on the choice of prosthesis, but on rare occasions the patient may have the final decision. Consequently, there are three quality definitions which can inform our understanding of the market for medical devices. These definitions are the *user based approach*, the *manufacturing based approach* and the *product based approach*.

The *user based approach* defines quality from the clients' perspective taking into account their wants and needs and how the client is satisfied with the product \[[@pone.0195291.ref060]\]. This approach in defining quality is supported by the orthopaedic surgeon's decision making process, where the choice of one brand over another depends mostly on brand reliability, which is based on medical and scientific studies of prosthesis failure rates. The advantages of this approach is that it allows for a more accurate identification of product needs and definition, leading to better user experience, reduced complaints and improved functionality \[[@pone.0195291.ref061]\].

In contrast, the *manufacturing based approach* is focused on the reduction of scrap, rework and product failure \[[@pone.0195291.ref059]\]. This means that quality is focused on compliance with product specifications compliance from the engineering and production point of view \[[@pone.0195291.ref059]\]. This definition is supported by the strict product regulations which medical devices are subjected to in order to comply with medical requirements. Moreover, Sharkey, Sethuraman \[[@pone.0195291.ref062]\] found in a survey study that 97.1% of the 102 patients of total hip and knee replacements responded that the main determinant to choose an implant is the quality and not the cost. Moreover, it was found that a large percentage of patients (84%) are willing to pay additional costs for a better, but more expensive implant. This means that from the patients' point of view, quality is based on cost perception, where a higher cost can be interpreted as better quality. This assumption supports the *product based approach* where a product with higher quality is considered more expensive \[[@pone.0195291.ref060]\].

In the case of custom 3D printed bone prosthesis and scaffolds, the clients are medical doctors experienced in regards to the product required, and are part of the design process. They interact directly with the designer, providing instructions and verifying if the implant fulfils their needs. Therefore, in any company dedicated to custom 3D printed prosthesis and scaffolds, the products and the service are equally important. Consequently, clear communication and direct interaction with medical doctors is essential in order to provide a suitable product. Moreover, direct cooperation and high levels of service between the manufacturing company and its clients is also crucial for this contemporary arrangement.

The eight dimensions of quality are basic elements to analyse product quality characteristics \[[@pone.0195291.ref060]\]. The importance of each dimension in a specific product depends on its market and customer needs. Thus, some dimensions are more critical for competitive success \[[@pone.0195291.ref063]\]. According to Garvin \[[@pone.0195291.ref063]\], *performance* is the first dimension of quality, and can be defined as the product's functional attributes. The second quality dimension is *features*, and refers to those additional traits which complement the basic purpose of a product. *Reliability* is the third dimension and refers to the product's failure rate. *Conformance* is the fourth dimension and relates to how a product fulfils design requirements and standards. The fifth quality dimension is *durability* and is a measure of a product's life span that can be linked to technical and economic product aspects. *Serviceability* is the sixth dimension and is related to the external aspects of the product, such as the relationship and interaction between the company and the client, and also the speed and competence of product repair. *Aesthetics*, which is the seventh dimension, refers to how the product is perceived by the user's senses and personal preferences, such as colour, taste, and smell. The last quality dimension is *perceived quality*, which shows how a product is perceived by the client, noting that not all clients are experts or have a clear understanding of the product's attributes. Consequently consumers rely on product brand image, advertising and market trends. In [Table 1](#pone.0195291.t001){ref-type="table"}, the eight quality dimensions related to custom 3D printed bone implants are described based on an ideal product.

10.1371/journal.pone.0195291.t001

###### The ideal eight quality dimensions of 3D printed bone implants.

![](pone.0195291.t001){#pone.0195291.t001g}

  Quality approach                   Dimension                                                                                                                                                                                                                                                                                                                                                                                                                                                             Description
  ---------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Product-based approach**         Performance                                                                                                                                                                                                                                                                                                                                                                                                                                                           Each 3D printed bone prosthesis and scaffold is custom designed to restore the functional characteristics of patient's bone, provide long term osseointegration, operate properly in normal conditions, and to last the required number of years for its purpose.
  Features                           3D printed bone prostheses have special features such as bioactive surfaces that promote bone ingrowth, a modulus of elasticity similar to the host bone, are specifically designed according to each customer's geometry and functional characteristics, and possess a hierarchical macro, micro, and nano architecture that resembles bone structure.                                                                                                               
  Reliability                        Due to the fact that each prosthesis is custom made and fabricated with the latest technologies and materials, its life expectancy should match or exceed traditional bone prosthesis reliability and functional characteristics. In the case of bone scaffolds they are tuned to resorb based on each patient's biological conditions to restore bone tissue. Moreover, The fabrication process of such products should be robust with minimum quality variations.   
  **Manufacturing-based approach**   Conformance                                                                                                                                                                                                                                                                                                                                                                                                                                                           Each 3D printed bone prosthesis meets or exceeds medical device regulations. The design and fabrication processes are subjected to strict quality tests (control) to provide a product with zero defects (according to tolerances needed).
  Durability                         Products are made with the best materials and technologies available, using a direct interaction with the customer to design custom bone implants that exceed the life expectancy of traditional bone prosthesis.                                                                                                                                                                                                                                                     
  **User-based approach**            Serviceability                                                                                                                                                                                                                                                                                                                                                                                                                                                        Each client is unique. Therefore, the company is responsible for providing a personalized service where each client is involved in the prosthesis design process. Moreover, the company must meet all customer specifications on time and be responsible for any irregularity. Additionally, it is important to provide an easy and accessible service to any potential customer.
  Aesthetics                         The product has the correct materials and appearance for the target market. The technologies used for the product design and fabrication allow a precise reconstruction of defects from trauma or surgery, providing a correct custom shape and superficial finish to achieve better cosmetic enhancement and functional rehabilitation.                                                                                                                              
  Perceived quality                  In this case the client has a clear understanding about the product's attributes, which can be found in medical performance reports and statistical data.                                                                                                                                                                                                                                                                                                             

QbD Step 2: Critical quality attributes {#sec015}
---------------------------------------

### Overview {#sec016}

Critical Quality Attributes (CQA) are the product characteristics which should be contained within certain limits to ensure that they conform to desired quality standards defined in the QTPP. The CQA can be chemical, mechanical, biological or microbiological \[[@pone.0195291.ref033]\]. For an effective identification of CQA, scientific and risk management rationale are used taking into account product knowledge, and business and regulatory requirements \[[@pone.0195291.ref029]\]. However, for an early product development phase, CQA are just identified but not defined within limits. Nevertheless, they may be updated as new knowledge is acquired, which is the case of this study.

Bone tissue engineering is the combination of biology and engineering to design functional engineered structures to repair bone tissue \[[@pone.0195291.ref023]\]. Thus, bone tissue engineering should help to provide a complete restoration of the damaged tissue, recovering its mechanical and biological properties and functions \[[@pone.0195291.ref064]\]. For the identification of CQA of custom 3D printed bone implants, it is important to take into account the hierarchical structure of bone and its properties, which are defined from molecular, nano, micro and macroscopic scales. Moreover, it is necessary to understand which performance indicators of bone implants can be used.

According to Giannoudis, Dinopoulos \[[@pone.0195291.ref065]\] there are three main performance indicators for bone substitutes ([Table 2](#pone.0195291.t002){ref-type="table"}). The first performance indicator is osteoinductivity, which is a scaffold property where multipotential mesenchymal cells (MSCs) are stimulated or attracted to the material surface, to later differentiate into osteoblasts and form ectopic bone in vivo \[[@pone.0195291.ref065]\]. The second is osteoconductivity, which is the scaffold capability to allow new cell colonization, bone ingrowth and blood-vessels formation \[[@pone.0195291.ref066]\]. Osseointegration is the third indicator which is the bond between new bone and the scaffold biomaterial \[[@pone.0195291.ref065]\]. The identification of CQA of custom 3D printed bone implants was made based on different biological, physicochemical, mechanical, dimensional, and functional characteristics necessary to comply with the performance indicators mentioned above \[[@pone.0195291.ref067], [@pone.0195291.ref068]\].

10.1371/journal.pone.0195291.t002

###### Performance indicators of bone substitutes.

![](pone.0195291.t002){#pone.0195291.t002g}

  Performance indicators   Definition
  ------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Osteoinductivity         Scaffold property where multipotential mesenchymal cells (MSCs) are stimulated or attracted to the material surface, to later differentiate into osteoblasts and form ectopic bone in vivo \[[@pone.0195291.ref065]\].
  Osteoconductivity        Scaffold capability to allow new cell colonization, bone ingrowth and blood-vessels formation \[[@pone.0195291.ref066]\].
  Osseointegration         Bond between new bone and the scaffold biomaterial \[[@pone.0195291.ref065]\].

### Biological characteristics {#sec017}

The biological characteristics of bone implants and scaffolds are the most important, because they dictate how the body of the patient will react to it. The first reaction of the biological environment to any biomaterial is the conditioning of its surface by a rapid adsorption of proteins on it \[[@pone.0195291.ref069]\]. This occurs during the inflammatory phase, which is vital for the subsequent steps of the healing cascade in order to have a successful bone healing process \[[@pone.0195291.ref070]\]. Some of the proteins absorbed act as cell receptors that promote cell attachment biomineralization and matrix maturation due to their chemotactic or adhesive properties \[[@pone.0195291.ref071]\]. Furthermore, the injury site during healing is influenced by different factors such as hormones and nutrients, growth factors, oxygen tension, pH, the electrical environment, and mechanical stability \[[@pone.0195291.ref072]\]. Including, external factors such as bacterial infection which can drastically affect the healing process leading to prolonged antibiotic therapy or premature implant failure \[[@pone.0195291.ref073]\].

The ideal artificial bone should act as a scaffold (lattice structure) with a stable interface, and not produce toxic by-products which cause allergies and inflammatory reactions \[[@pone.0195291.ref074]\]. Moreover, the ideal bone scaffold should be a three dimensional resorbable biocompatible structure, that allows the flow of cell nutrients and waste, and stimulates cell migration and adhesion \[[@pone.0195291.ref075]\], thus promoting bone tissue formation and vascularization (Osteoconduction) \[[@pone.0195291.ref076]\].

At the macrostructure level, the biological performance of the lattice structure of scaffolds and metallic implants depends on their pore size, pore shape, pore interconnectivity, and percentage of porosity \[[@pone.0195291.ref077], [@pone.0195291.ref078]\]. These microstructural properties are the basis for cell proliferation and promote bone regeneration, rapid cell growth, vascularization, and interconnection between the implant and the local bone area \[[@pone.0195291.ref079]\]. Moreover, these properties directly influence the transport of nutrients and waste removal through the implant \[[@pone.0195291.ref067]\], allowing for the creation of hydrodynamic microenvironments which mimics natural conditions in vivo \[[@pone.0195291.ref077]\]. Thus, permanent and resorbable bone substitutes should act as a extracellular matrix for an adequate cell formation \[[@pone.0195291.ref079]\].

It has been demonstrated that at the nano scale level, surface properties also affect cell behaviour \[[@pone.0195291.ref080]\], accelerating the early stages of bone healing \[[@pone.0195291.ref081]\]. These are caused by physicochemical and biochemical reactions between the biomaterial surface and living cells, influencing intracellular signalling and affecting cell proliferation, differentiation, and adhesion \[[@pone.0195291.ref077], [@pone.0195291.ref082]\]. Surface properties involved in these processes are topography, roughness, and viscoelasticity \[[@pone.0195291.ref082]\]. Therefore, controlled material topography is needed in order to provide a high surface area for cell attachment and improve osseointegration and osteoinduction \[[@pone.0195291.ref082], [@pone.0195291.ref083]\]. However, in joint prostheses, some surfaces are preferred to be polished to improve its dynamic contact \[[@pone.0195291.ref084]\].

### Physicochemical characteristics {#sec018}

Material biocompatibility is directly influenced by its surface physicochemical properties, which can modulate the cell environment, regulate cell adhesion and migration, and eventually promote bone healing \[[@pone.0195291.ref085], [@pone.0195291.ref086]\]. This is done by using materials and surface treatments that can release ions and molecules that can penetrate the cell membrane or activate its bound receptors \[[@pone.0195291.ref082]\]. Surface energy affects the wettability of a surface, which play a vital role in the initial stage of wound healing \[[@pone.0195291.ref087], [@pone.0195291.ref088]\], and is strongly correlated with cell adhesion and proliferation \[[@pone.0195291.ref089]\]. Material surface chemistry and topography also dictates material corrosion, wear resistance in permanent implants, and how long a degradable scaffold will last \[[@pone.0195291.ref086]\]. For example, most metallic implants are treated to change their surface chemistry so as improve its corrosion and wear resistance \[[@pone.0195291.ref090]\]. Alternately, resorbable scaffolds are chemically tuned to have a resorption rate similar to the local tissue healing process \[[@pone.0195291.ref074]\]. Additionally, implants and scaffolds, should be chemically strong enough to tolerate sterilization processes, and the corrosion induced by extracellular body fluids without any adverse reactions \[[@pone.0195291.ref091]--[@pone.0195291.ref093]\].

Currently in research another tissue engineering strategy to improve bone scaffolds and metallic implants is the incorporation of bioactives such as therapeutics and growth factors to stimulate cellular growth and cellular differentiation for healing, bone formation and vascularization, and to reduce bacterial infection \[[@pone.0195291.ref094]--[@pone.0195291.ref096]\]. Growth factors act on recruiting local and distant mesenchymal cells to differentiate into osteoblast and form bone tissue \[[@pone.0195291.ref066]\]. Some of the growth factors that can be used in bone scaffolds are vascular endothelial growth factors (VEGFs), platelet derived growth factor (PDGF), bone morphogenetic proteins (BMPs), and fibroblast growth factors (FGFs) \[[@pone.0195291.ref079], [@pone.0195291.ref097]\].

### Mechanical characteristics {#sec019}

There are several mechanical properties that are needed for ideal bone scaffolds and prosthesis. For example, in resorbable scaffolds compression strength is important to provide structural integrity and support to the affected area during the healing process \[[@pone.0195291.ref098]\]. Whereas, for load bearing non-resorbable scaffolds fatigue resistance is needed to support in vivo cyclic stress \[[@pone.0195291.ref099]\]. Other mechanical properties that have to be taken into account are flexural modulus, Young's modulus maximum strain, and tensile strength, hardness, and toughness \[[@pone.0195291.ref100], [@pone.0195291.ref101]\].

### Dimensional characteristics {#sec020}

Scaffold dimensional accuracy at macro, micro and nano levels is vital to achieve some of the requirements mentioned previously, such as pore shape, pore size, surface topography, and mechanical integrity \[[@pone.0195291.ref100]\]. At the macro level, implants with custom-fit geometry in respect to the bone defect should be dimensionally accurate to match the anatomic deficit shape \[[@pone.0195291.ref102]\]. Thus, ideal bone scaffolds and prostheses should mimic the external shape of the patient's anatomical defect and fracture sites. This results in better cosmetic results, structural support, joint performance improvement, surgery time reduction and faster recovery \[[@pone.0195291.ref103]--[@pone.0195291.ref105]\]. At the micro level (0.1 to 1mm) scaffold features, pore size and shape affect the scaffold mechanical properties and the response of cell multitudes \[[@pone.0195291.ref078], [@pone.0195291.ref102]\]. Furthermore, for features at the nano level, individual cell behaviour is affected \[[@pone.0195291.ref106], [@pone.0195291.ref107]\]. Therefore, the dimensional accuracy of scaffolds at all the hierarchical levels is critical in order to achieve its biological, mechanical, and anatomical characteristics \[[@pone.0195291.ref108]\].

### Functional characteristics {#sec021}

Personalised bone implants with a patient-specific shape can ensure a precise reconstruction of defects from trauma and better mechanical stability. Nevertheless, there are more aspects to bone regeneration than just geometry \[[@pone.0195291.ref109]\]. Customised 3D printed bone implants and scaffolds should also be biologically active to restore the functional characteristics of patient's bone such as vascularization for an appropriate diffusion of oxygen, nutrients and waste products \[[@pone.0195291.ref110]\]. Furthermore, it is critical to consider how the patient's neuromusculoskeletical system might adapt to satisfy the new dynamic moment requirements at each joint during everyday activities \[[@pone.0195291.ref111]\]. For example, a change in bony geometry at the proximal femur will impact muscle tendon pathways and muscle moment arms at the hip and may also alter the ideal force-length operating range of the muscles during such activities. Moreover, the implant's material should resemble the mechanical characteristics of native surrounding tissues \[[@pone.0195291.ref109]\], e.g. resemble the patient's bone modulus of elasticity to avoid stress shielding and to promote early bone regeneration \[[@pone.0195291.ref094]\]. In the case of metallic implants that are in contact with surrounding soft tissues, such as muscle and mucosa, shear forces lead to thicker fibrous capsule and inflammation, therefore, these forces should be avoided or reduced using smooth polished implant surfaces \[[@pone.0195291.ref078]\]. Finally, if the implant aims to restore bone biological performance, it is important to take into account that these kind of implants will require customised rehabilitation programs to provide the best conditions for bone maturing and healing \[[@pone.0195291.ref112]\]. These characteristics act as a fourth extra dimension apart from the 3 dimensions included within the patient's bone geometry allowing proper physiologic and mechanical functioning.

A summary of the ideal CQA of custom 3D printed bone implants and scaffolds is presented in [Table 3](#pone.0195291.t003){ref-type="table"}.

10.1371/journal.pone.0195291.t003

###### Summary of the ideal CQA of custom 3D printed bone implants and scaffolds.
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  Dimensional                          Mechanical                                                  Biological                                 Physicochemical                                  Functional
  ------------------------------------ ----------------------------------------------------------- ------------------------------------------ ------------------------------------------------ --------------------------------------------------------------------
  Match patient specific geometry      Low modulus of elasticity (resemble bone Young's modulus)   Material purity                            Biocompatibility                                 Patient's bone characteristics
  Macro surface geometrical accuracy   Shear/Compressive/tensile strength                          Protein adhesion                           Tuned resorption rate (biodegradable implants)   Muscle moment arms
  Micro geometrical accuracy           Fatigue strength                                            Cell adhesion                              Corrosion resistance (permanent implants)        Real life implant's loading conditions
  Nano geometrical accuracy            Hardness                                                    Cell migration                             Surface micro and nano topography                Implant's bone interface contact forces
  3 dimensional structure              Toughness                                                   Cell proliferation                         High surface area                                Implant's soft tissue interface contact forces (metallic implants)
  Pore size                            Poisson\'s ratio                                            Mineralization                             Bioactives                                       Customised rehabilitation program
  Pore shape                           Wear resistance                                             Control of inflammation                    Resistance to sterilization process              
  High pore interconnection                                                                        Antibacterial properties                   Surface energy (wettability)                     
  High percentage of porosity                                                                      Transport of nutrients and waste removal                                                    

QbD Step 3: Process flow diagram of 3d printed bone implants {#sec022}
------------------------------------------------------------

Process mapping helps to represent processes visually through the identification of all the necessary steps, participants and decisions in a process. This improves process understanding, and helps to identify problem areas and improvement opportunities \[[@pone.0195291.ref113]\]. In the QbD approach, process mapping offers the opportunity to identify the design and manufacturing process parameters that can potentially affect product performance and CQA. This helps to achieve a more accurate identification of the most critical processes, to later design the most appropriate monitoring and controlling methods to ensure the desired quality is obtained \[[@pone.0195291.ref033]\].

In general, the process to produce custom 3D printed bone implants and medical devices can be summarized in eight main processes ([Fig 4](#pone.0195291.g004){ref-type="fig"}): (1) CT protocol; (2) patient's image acquisition and processing; (3) implant design; (4) design evaluation and dimensional validation; (5) motion capture and virtual surgical planning; (6) fabrication; (7) recycling of unused material; and (8) sterilization and packaging \[[@pone.0195291.ref114]\]. However, a common view of the process is not detailed enough to encompass all the different activities and parameters that can affect the CQA of such products \[[@pone.0195291.ref027]\]. Taking into consideration that the purpose of this study was to have a clear understanding of the different parameters that can affect the CQA of custom 3D printed bone implants, an exploratory analysis of different workflow approaches was necessary. Through a literature review, different design and fabrication approaches were identified \[[@pone.0195291.ref008], [@pone.0195291.ref114]--[@pone.0195291.ref132]\] and critically evaluated to provide a more detailed picture of the activities involved in each process.

![General process flow diagram of custom 3D printed bone prostheses and scaffolds.](pone.0195291.g004){#pone.0195291.g004}

Moreover, it was identified that there are two process activities (*Geometrical modelling* and *Implant design*) can be carried out utilising different routes depending on the implant desired outcomes, complexity and chosen characteristics. The result of this analysis was a more detailed outline process map ([Fig 5](#pone.0195291.g005){ref-type="fig"}) that will aid future researchers and practitioners to design the most appropriate workflow approach for a specific medical device. In the detailed process map the main processes are represented by black round boxes, their different routes and their activities are represented by black rectangular boxes, and the different experts that interact in each process are represented by blue round boxes. The explanation of each main activity is provided in the following paragraphs.

![Detailed process flow diagram for the design and fabrication of custom 3D printed bone prostheses and scaffolds.](pone.0195291.g005){#pone.0195291.g005}

### Image acquisition and CT protocol {#sec023}

Image acquisition is one of the vital processes for the development of custom 3D printed bone implants, because it essentially informs how the implant design process is obtained. Today, the common medical image techniques to assist AM are Magnetic Resonance Imaging (MRI) and Computed Tomography (CT) \[[@pone.0195291.ref133]\]. From the image data point of view the difference between CT and MRI technologies is that CT provides images of bone tissue with better resolution, while MRI technology provides high resolution images of soft tissues \[[@pone.0195291.ref134]--[@pone.0195291.ref136]\], making this technology suitable for the development of 3D printed organs. Another system is the micro CT that is capable of taking images of nano size cross sections giving 10,000 times more resolution than conventional CT scanners and at a lower level of radiation exposure \[[@pone.0195291.ref137]\]; and it can be used for the development of high precision implants \[[@pone.0195291.ref012]\].

The advantage of MRI technology is that there are no harmful effects on the human body; however, it has to be carefully used in patients with implants due to the strong magnetic field used with this equipment \[[@pone.0195291.ref134]\], and is contraindicated in patients with claustrophobia \[[@pone.0195291.ref137]\]. Whereas, CT exposes the patient to a dose of radiation that can be potentially harmful, it has to be strictly controlled by the medical doctor and radiologist according to standardized procedures \[[@pone.0195291.ref138]\]. However, the most used medical image technology for AM is the multislice CT (MSCT) scanner \[[@pone.0195291.ref139]\], because its image post-processing is easier \[[@pone.0195291.ref133]\].

The image acquisition process starts with the scan of the patient's region of interest, based on the necessary protocol \[[@pone.0195291.ref140]\]. In the case of the CT scanner, settings are based on image slice thickness, slice spacing, number of pixels, and grey scale \[[@pone.0195291.ref141]\]. Grey scale is measured in Hounsfield Units (HU), which represents tissue density for an easy identification of different tissues in CT images. For example, in CT images, bones appear in a white colour, soft tissues in grey, and air cavities in black \[[@pone.0195291.ref142]\].

### Image segmentation {#sec024}

After acquiring the patient's medical image, the file is saved in DICOM format (Digital Imaging and Communication in Medicine) which is the standard format for CT images within the medical field \[[@pone.0195291.ref141]\]. At this point, the image data of the scanned area is a group of 2D images that need to be segmented in order to separate the bone tissue from objects that are not relevant such as muscle and fat \[[@pone.0195291.ref143]\]. The image segmentation process can be performed manually, automatically or using both algorithms and filters \[[@pone.0195291.ref119], [@pone.0195291.ref144]\]. There are several segmentation methods and algorithms for medical images, such as edge detection, region growing \[[@pone.0195291.ref144]\], threshold based, clustering based, and deformable models based techniques \[[@pone.0195291.ref145]\]. Nevertheless, the most common method is thresholding, where a threshold value is chosen using the radiodensity of different tissues to select a range of pixels with certain intensity (measured in Hounsfield Units) to highlight and separate specific tissues in the image, making for easier identification of organs and bones \[[@pone.0195291.ref144]\]. For the image segmentation process there are several software programs available that can be used with DICOM datasets, such as InVesalius (open source software) \[[@pone.0195291.ref143]\], Osirix (Pixmeo, Geneva, Switzerland) (open source software for Mac) \[[@pone.0195291.ref140]\] and Mimics Innovation Suite (Materialise NV, Belgium) (commercial software) which is the most common software used \[[@pone.0195291.ref005]\]. It important to note that careful segmentation is crucial as it defines the accuracy of the final model, and as a result is one of the most labour intensive steps requiring the most manual intervention \[[@pone.0195291.ref146]\].

### 3D volumetric reconstruction {#sec025}

The 3D volumetric reconstruction is carried out after finalising the image segmentation process to generate a 3D image representation that can later be used to create the 3D CAD model for the implant design. The 3D volumetric reconstruction entails obtaining a three dimensional representation of the region of interest, segmented from CT images. Each CT image represents a cross section cut of the scanned region of interest with a specific thickness \[[@pone.0195291.ref147]\]. By stacking the images together, a three dimensional approximation of this region is obtained \[[@pone.0195291.ref147]\]. Through this process, pixels with the same intensity and same position in each CT image are converted into a pixel volumetric representation called voxel, and thus create a three dimensional image, which is later used to create a 3D model \[[@pone.0195291.ref147]\].

### Geometrical modelling {#sec026}

The geometrical modelling process is conducted to generate a 3D CAD model from medical imaging data that can later be used as a reference to design the implant or scaffold by isolating the patients' region of interest using the mirroring technique and Boolean operations \[[@pone.0195291.ref125]\]. There are three different traditional and modern geometrical modelling routes, which are used depending on implant complexity and the available software resources, for the design of personalized implants \[[@pone.0195291.ref125]\].

The first route is the *reverse engineering interface* or *NURB based method*, which is a traditional route for geometrical modelling. This method transforms the 3D voxel data from the volumetric reconstruction into a point cloud, that later is used in a reverse engineering software to create a polygonal mesh, which then is softened using NURB curves \[[@pone.0195291.ref115]\]. This process is based on four steps: *Pre-Processing* where the point cloud is optimized to reduce file noise and errors; generation of the *Polygonal Mesh*, where a faceted model is created from the triangulation of the point cloud; *Mesh Refinement*, where the mesh is refined; and errors are then corrected fitting *NURBS patches* \[[@pone.0195291.ref148]\]. To optimise the mesh resolution software, packages such as MeshLab (CNR, Pisa), and PolyMLib (Solid Modelling Solutions, Aichi, Japan) can be used \[[@pone.0195291.ref149]\]. After this, the optimised mesh can be converted into a STL file to be fabricated by additive manufacturing for preoperative surgery planning models or can be converted into a NURB surface to be used as an input for CAD software for implant design \[[@pone.0195291.ref148]\]. The advantages of this method are total control of implant thickness, smooth curves \[[@pone.0195291.ref125]\], clean 3D model representation, high data quality, stable configuration, less error in format transfer, and it can be used for complex shapes \[[@pone.0195291.ref115]\]. Nevertheless, the disadvantages of this method are that this process is tedious and time consuming \[[@pone.0195291.ref115], [@pone.0195291.ref125]\], and generates waved surfaces with an enormous number of control points, making its manipulation in CAD/CAM software very complicated \[[@pone.0195291.ref125]\].

The second route was developed to address some of the disadvantages of the NURB based method \[[@pone.0195291.ref125]\], such as data conversion issues, and served as a bridge between medical image and CAD software \[[@pone.0195291.ref115]\]. This method is based on the AIT MedCad program that evolved to *MedCAD interface* as a standard module for a medical imaging process software \[[@pone.0195291.ref115]\]. However, the drawback of *the MedCAD interface*, is that it is limited in terms of design, and cannot capture complex and detailed geometries \[[@pone.0195291.ref115]\].

The third route is the *STL design interface*, which is currently the most used method to avoid the tedious process of the *reverse engineering interface*. This is done converting the 3D volumetric model (voxel model) to a STL file, which represents the model with a triangulated mesh \[[@pone.0195291.ref150]\], to later import it into reverse engineering software for mesh refinement and error correction \[[@pone.0195291.ref115]\]. For the simplification of the implant design process, the region of interest can be isolated to reduce computing time and file size. This is done by eliminating the structures or surfaces that are not relevant for the implant design, with the remote assistance of the surgeon using viewer software such as SolidView \[[@pone.0195291.ref132]\].

The advantage of this method is that it uses a STL triangulated surface as an input instead of the point cloud \[[@pone.0195291.ref115]\], making it fast and efficient \[[@pone.0195291.ref118]\]. During this process the STL can be optimised to reduce the number of elements and correct errors, using software such as Magics (Materialise) \[[@pone.0195291.ref132]\]. Nevertheless, the disadvantages of *STL design interface* are: it requires triangulated surfaces without errors; is not suitable for geometries with small details and complex features \[[@pone.0195291.ref115]\]; and is limited by the many drawbacks of the STL format \[[@pone.0195291.ref151]\]. However despite all the disadvantages, this method is preferred by researchers due to its simplicity and efficiency \[[@pone.0195291.ref114], [@pone.0195291.ref116], [@pone.0195291.ref118], [@pone.0195291.ref142]\].

### Virtual surgery and planning {#sec027}

Virtual surgery planning is an online collaboration between the surgeon, the orthopaedic engineering professional and the biomedical design engineer. The main focus of this virtual planning is to study and manipulate the patient's bony defect to find the optimal solution to restore it to its normal condition. The process begins with an evaluation of the patient's health history, particularly of the mechanism of injury and details of any distorted or destroyed anatomy \[[@pone.0195291.ref152]\]. The surgeon then decides the most suitable surgical technique and explains the specifics of the planned procedure to the engineers to later discuss the design of the fixation method and implant solution. This vital process requires a close collaboration between surgeon and engineers in order to understand the limitations and constraints of the surgery \[[@pone.0195291.ref152]\]. Once this process is completed the implant design process begins. It has to be mentioned that the surgeon's active engagement in the virtual planning will improve technical performance, give confidence, and pay dividends on the day of the actual procedure \[[@pone.0195291.ref152]\].

### 4D implant design {#sec028}

Current design methodologies and mass production of bone implants employs minimum variation of product characteristics in order to cope with the limitations of traditional manufacturing methods, which are based on statistical quality control processes with quality control activities, such as destructive testing and lot sampling. Moreover, in vitro testing is limited in testing real life conditions, and is also time-consuming and requires manually intensive measurements. These approaches are limited for the 3D printing manufacturing environment of medical devices where the manufacturing process is composed by variable and complex product characteristics, low production lots and high design requirements \[[@pone.0195291.ref153]\]. Additionally, current bone implant designs do not take into account joint contact forces that occur during real life activities \[[@pone.0195291.ref154]\]. To address these limitations, the next generation of bone implants should not merely comply with the unique 3D geometrical features of patients' bone; instead they should include a 4 dimensional design where the physiological condition, and current health of each patient are also taken into account. Therefore, 4D implant design incorporates multiscale and multi-physics in order to address clinical problems that manifest at different hierarchical levels, such as at the whole organ, meso, micro and cellular levels \[[@pone.0195291.ref111]\]. For this, the design and performance of custom 3D printed bone implants should be performed and validated concurrently not just with mechanical and in vivo testing, but also with patient specific computational neuromusculoskeletal (NMS) predictions and multiscale finite element analysis (MFEA) to accelerate their development and fabrication process, and simultaneously improve their reliability before they are subject to clinical evaluation and fabrication \[[@pone.0195291.ref155]--[@pone.0195291.ref157]\].

Computational NMS models provide a non-invasive method to estimate in vivo contact loads of the patient's region of interest accounting for muscle force contributions, which are influenced by external loading conditions, joint kinematics, as well as an individual's task-specific muscle activation patterns, during real life activities \[[@pone.0195291.ref154], [@pone.0195291.ref158]\]. Moreover, NMS models help researchers and medical practitioners to understand the mechanisms of injury and disease of the musculoskeletal system and structural form-function relationships to better design, test, and validate bone implants \[[@pone.0195291.ref157]\]. MFEA enables virtual tests and simulations for more insightful study, design and optimization of micro and nanostructured hierarchical materials. These simulate the interactions of different implants microstructures and surfaces, with local cancellous and cortical osseointegration \[[@pone.0195291.ref159], [@pone.0195291.ref160]\]. Furthermore, MFEA helps designers to virtually check the structural, mechanical, and biological performance of implants, detecting weak areas in the design in order to strengthen them to support *in vivo* cyclic stress, before commencing production \[[@pone.0195291.ref099], [@pone.0195291.ref119], [@pone.0195291.ref146], [@pone.0195291.ref161]\].

### Implant's lattice design {#sec029}

At this point of the workflow process the designer has enough data to start to design the external geometry of the implant using the mirrored geometry of the contralateral anatomical site (for patients who are only unilaterally affected) or a scale idealized statistical shape bone model to create a 3D model that can be used as a reference to design the implant. At this stage it is also possible to simulate and plan surgical operations of bone replacement to reduce surgery time and errors during difficult surgeries \[[@pone.0195291.ref012], [@pone.0195291.ref162]\]. Additionally, bone cutting guides can be designed to improve surgery accuracy \[[@pone.0195291.ref117]\].

To obtain biomimetic bone implants such as porous scaffolds and prosthesis, they should mimic geometrical, biological and mechanical properties of bone with controlled macro micro and nanoarchitecture to facilitate cell proliferation, nutrients transport, and waste flow \[[@pone.0195291.ref098]\]. However, due to bone tissue complexity, most of these design approaches are simplified models that attempt to resemble bone tissue architecture and mechanical properties \[[@pone.0195291.ref163]\]. This is done using 3D unit cells that can be intersected with a patient's bone 3D model from medical imaging data, using Boolean operations, in order to create volumetric lattice structures \[[@pone.0195291.ref098]\]. These design approaches can be classified into four main groups: *CAD based methods*, *implicit surfaces*, *image-based topology design*, *and topology optimization* \[[@pone.0195291.ref163], [@pone.0195291.ref164]\].

CAD based methods for bone tissue combine a biomimetic design with Computer-Aided Tissue Engineering (CATE) to create load bearing tissue scaffolds. This, provides the capacity to mimic bone porous macro structure and mechanical properties, using libraries of different unit cells based on platonic solids, archimedean solids, prisms and anti-prisms, and archimedean duals \[[@pone.0195291.ref115], [@pone.0195291.ref165]--[@pone.0195291.ref168]\]. The advantage of this approach it is that it can tailor the stiffness variation of the scaffold more effectively to mimic bone microstructure \[[@pone.0195291.ref166]\]. However, despite the advantages of unit cells CAD approaches, they are restricted by the availability of polyhedra shapes, and by its inaccurate description of complex natural shapes due to their straight edges and sharp turns \[[@pone.0195291.ref169]\]. Moreover, this method is time consuming \[[@pone.0195291.ref170]\], its parameterization is difficult, and requires high performance computers to reduce computational time and improve its manipulation and visualization \[[@pone.0195291.ref076], [@pone.0195291.ref167], [@pone.0195291.ref171]\].

Implicit surface modelling is a design method that has been introduced to overcome the disadvantages of polyhedral unit cells used in CAD based methods. The design of implicit surfaces comes from single trigonometric functions to generate cellular structures based on the triply periodic minimal surfaces (TPMS) \[[@pone.0195291.ref172]\], which are present in nature and describe material architectures such as crustacean skeletons, beetle shells, and butterfly wings scales \[[@pone.0195291.ref163]\]. The great advantages TPMS are that they allow the creation of biomorphic scaffolds with free and easy control of pore architecture \[[@pone.0195291.ref164]\]; can be repeated infinitely in three independent directions \[[@pone.0195291.ref173]\] with variable porosity \[[@pone.0195291.ref174]\] that can mimic mechanically cancellous and cortical bone \[[@pone.0195291.ref175]\]; and a simple computer program can perform the whole process automatically \[[@pone.0195291.ref172]\]. Furthermore, TPMS creates intricate labyrinths with smooth joints that reduces stress concentrations \[[@pone.0195291.ref175]\], and provide high surface-to-area ratios that improve cell proliferation \[[@pone.0195291.ref176]\].

Image based topology design is used to create optimized porous structures with voxel datasets using density distributions \[[@pone.0195291.ref177]\]. This method can create regular and random scaffold internal architectures based on voxel data \[[@pone.0195291.ref020], [@pone.0195291.ref122], [@pone.0195291.ref177]\]. The advantage of image based design is that it is a fast method that allows the creation of bone scaffolds with controlled internal architecture at different scales \[[@pone.0195291.ref163]\]. Moreover, this method, combined with topological optimization, allows control of the material used and the creation of optimal structures with less resources \[[@pone.0195291.ref020]\].

Topology optimization is an engineering design technique that has been applied in industries, such as automotive and aeronautics, to design parts that satisfy constraints such as performance, costs, and weight \[[@pone.0195291.ref178]\]. For the design of cellular materials with orthotropic properties such cancellous bone, topology optimization has been researched to obtain specified orthotropic mechanical properties of periodic microstructures under given constraints \[[@pone.0195291.ref164], [@pone.0195291.ref179]\]. Topology optimization methods can be classified as being either concurrent or non-concurrent. This depends on whether the method is applied to the macro structure or the unit cell (concurrent approach), or both (non-concurrent approach) \[[@pone.0195291.ref180]\]. In the case of bone scaffolds, topology optimization can be applied to improve the properties of their internal architecture by optimizing their unit cells in order to achieve a modulus of elasticity closer to that of a particular bone and/or to improve their properties for the purpose of transporting nutrients and waste.

### STL file conversion and optimization {#sec030}

Before starting the fabrication process, the design should be checked again by surgeons and engineers to compare the design geometry with the patient's CT images. After this, the CAD file has to be exported to STL format, which is the format that most 3D printers use \[[@pone.0195291.ref181]\]. Then, the 3D STL model has to be checked for potential errors caused during the file conversion. For this task there are dedicated software programs which automatically repair and edit STL files for 3D printing manufacturing \[[@pone.0195291.ref182]\], such as Netfabb by FIT, Viscam by Marcam, and Magics RP by Materialise \[[@pone.0195291.ref183]\].

### Fabrication {#sec031}

For this step the first activity, is to set up the 3D printer machine parameters. These parameters vary depending on the type of system used, and the selected material. For example, the building layer thickness is an important parameter for all the AM systems because it is the one that controls the building resolution \[[@pone.0195291.ref183]\]. However, only for AM systems that use laser, such as selective laser sintering (SLS) and stereolithography (SLA), parameters such as laser power and beam diameter have to be accordingly set up depending on the material used \[[@pone.0195291.ref184]\]. Other parameters such as powder bed temperature, chamber and bed temperature, cooling cycle, scan speed are important in AM systems such as SLS and electron beam melting \[[@pone.0195291.ref184]--[@pone.0195291.ref186]\]. When the implant is manufactured and its temperature decreases to room temperature, it can be removed and properly cleaned.

### Cleaning and finishing {#sec032}

Once the fabrication process is finished, the parts have to be removed to be cleaned from residual material and then further post processing steps can be done, such as sandblasting, polishing, homogenisation, and thermal treatments \[[@pone.0195291.ref183]\]. The removing and cleaning methods depend on the AM system and material used. For example, AM technologies, such as fuse deposition modelling (FDM) and stereolithography (SLA), fabricate parts with supports to brace overhanging features, and these supports have to be removed by hand after the fabrication process \[[@pone.0195291.ref007], [@pone.0195291.ref187]\]. In the case of AM that uses material in powder form, the residual powder has to be properly cleaned from cavities and porous surfaces \[[@pone.0195291.ref166]\].

### Material recycling {#sec033}

Most AM systems have the advantage that part of the unbound material can be recycled after the fabrication process \[[@pone.0195291.ref183]\]. For example, in SLA, the remaining resin can be poured off and used for the next project \[[@pone.0195291.ref003]\]. In the case where the material is in powder form, the remaining particles can be sieved and combined with virgin material for its reuse \[[@pone.0195291.ref188]\]. However, material recycling can only be done a certain number of times because the mechanical properties of the material will deteriorate after each cycle \[[@pone.0195291.ref189]\]. Moreover, particle size and shape of the powder materials have to follow strict specifications to guarantee high quality parts and consistent mechanical properties \[[@pone.0195291.ref190]\].

### Surface topography modification {#sec034}

Implant surface modification treatments are performed to improve biological, physicochemical and mechanical properties \[[@pone.0195291.ref191]\], such as bioactivity, biocompatibility, blood compatibility, reduce wear and increase corrosion resistance \[[@pone.0195291.ref095]\]. Surface modifications of metallic implants are needed to provide a better quality of bone tissue-to-surface contact, controlling tissue formation at the early stages of cell formation \[[@pone.0195291.ref082]\]. For example, some titanium surface modifications can improve osseointegration and osteoinduction \[[@pone.0195291.ref082]\], and it is proven that surface roughness in titanium alloys can accelerate the early stages of bone healing \[[@pone.0195291.ref081]\]. However, there are areas in implants that are preferred to be polished to improve dynamic contact \[[@pone.0195291.ref084]\], and soft tissue-to-surface contact \[[@pone.0195291.ref078]\].

There is experimental evidence indicating that some of the important factors of cellular recognition in biomimetic materials is nanoscale topography \[[@pone.0195291.ref192]\]. For example, some of the most innovative surface modifications in titanium alloys are TiO2 nanotubes, which are produced with electrochemical anodization and are a novel method to coat titanium implants surfaces \[[@pone.0195291.ref106]\]. The advantage of this approach is that by applying different voltages in different electrolytes containing fluorites \[[@pone.0195291.ref106]\], the size of TiO2 nano-structures, such as nanotubes, pillar-like nanostructures, and nano-dots, can be controlled \[[@pone.0195291.ref095]\]. Moreover, the adhesion of hydroxyapatite on TiO2 nano tubes surfaces is more efficient in promoting the growth of osteoblast than non-anodized surfaces \[[@pone.0195291.ref193]\]. Additionally, it is proven that TiO2 nano tubes accelerate adhesion/propagation of osteoblast cells by almost 400% \[[@pone.0195291.ref194]\].

### Sterilization {#sec035}

Any implant has to be sterilized before its clinical use \[[@pone.0195291.ref139]\] to ensure the safety of the final product. This is to ensure a total elimination of all forms of microbial life, bacteria, viruses and spores \[[@pone.0195291.ref195]\]. There are several sterilization methods that can be used depending on the implant material, structure, and use \[[@pone.0195291.ref196]\]. Some of the traditional sterilization techniques used by the medical device industry are dry heat, ionizing radiation, steam, and ethylene oxide \[[@pone.0195291.ref197]\]. However, sterilization of patient specific implants with internal microstructures such as bone scaffolds can represent a challenge in selecting the most appropriate sterilization method \[[@pone.0195291.ref198]\], and getting the validation of Sterility Assurance Level (SAL), which is required for FDA approval \[[@pone.0195291.ref196]\]. Additionally, it has to be pointed out that depending on the material used in the implant fabrication, the sterilization process can affect its dimensions, therefore this has to be taken into account to maintain implant precision \[[@pone.0195291.ref114]\].

QbD Step 4: Identify critical process parameters and critical material attributes {#sec036}
---------------------------------------------------------------------------------

Through the identification of the CQA, it is clear that for the fabrication of custom bone prostheses and scaffolds, accurate design and fabrication techniques are needed in order to maintain a precise control of their dimensional, mechanical, biological, functional, and physicochemical properties \[[@pone.0195291.ref077]\]. The identification of critical process parameters (CPP) and critical material attributes (CMA) help to determine process parameters and material attributes whose variability can potentially affect CQA \[[@pone.0195291.ref033]\]. Therefore, CPP and CMA should be monitored and controlled to ensure process consistency, repeatability, and accuracy. However, at this early stage of product development, the specific AM technique and product material are not yet selected.

Nevertheless, AM technologies have a variety of different materials that are suitable for bone scaffold and prostheses. Depending on the fabrication technique, these materials are used in solid, liquid and powder form. Moreover, some AM technologies have the advantage that the unbound material can be recycled until a certain point without greatly affect the mechanical properties of the build part \[[@pone.0195291.ref199]\]. However, it has to be taken into account that the material recycling process can lead to material contamination and difficulties with material traceability \[[@pone.0195291.ref196]\]. Moreover, these material attributes have to comply with general regulations for biomaterials used for permanent implants. These regulations includes ISO-10993 and FDA standard tests, as well as quality control documentation to certify material characteristics such as biocompatibility, chemical composition, mechanical properties, purity, traceability, and storage \[[@pone.0195291.ref196]\]. An example of biocompatibility evaluation is shown in [Table 4](#pone.0195291.t004){ref-type="table"}.

10.1371/journal.pone.0195291.t004

###### Example of FDA recommended initial ISO 10993 biocompatibility evaluation endpoints for medical devices in contact with bone tissue and blood.

Adapted from \[[@pone.0195291.ref200]\].

![](pone.0195291.t004){#pone.0195291.t004g}

  Device categorization   Biological effect                                                 
  ----------------------- ------------------- --- --- --- --- --- --- --- --- --- --- -- -- --
  **Tissue / bone**       A                   X   X   X   O   O                             
  B                       X                   X   X   X   O   X   X   X                     
  C                       X                   X   X   X   O   X   X   X       O   O         
  **Blood**               A                   X   X   X   X   O       O   X   X             
  B                       X                   X   X   X   O   X   X   X   X                 
  C                       X                   X   X   X   O   X   X   X   X   O   O         

X = ISO 10993--1:2009 recommended endpoints for consideration\*

O = Additional FDA recommended endpoints for consideration\*

Note \* All X's and O's should be addressed in the biological safety evaluation, either through the use of existing data, additional endpoint-specific testing, or a rationale for why the endpoint does not require additional assessment.

Note @ Degradation information should be provided for any devices, device components, or materials remaining in contact with tissue that are intended to degrade.

For an easier identification and classification of CPP and CMA, scientific and quality risk rationale were used. This was performed by linking the four CQA groups previously identified (biological, mechanical, chemical, dimensional) to each of the processes of the workflow map, which can potentially affect them, as shown in [Table 5](#pone.0195291.t005){ref-type="table"}. In the same way the CMA were linked to the CQA that can be potentially affected, as shown in [Table 6](#pone.0195291.t006){ref-type="table"}. This procedure helps to identify risks more easily in the quality assessment process.

10.1371/journal.pone.0195291.t005

###### Linking CPP activities with CQA groups.

![](pone.0195291.t005){#pone.0195291.t005g}

  Critical process parameters    Affected CQA
  ------------------------------ ------------------------------------------------------
  Patient's Medical Record       Functional
  CT Protocol                    Dimensional
  Image Acquisition              Dimensional
  Image Segmentation             Dimensional, Functional
  3D Volumetric Reconstruction   Dimensional, Functional
  Geometrical Modelling          Dimensional, Functional
  Computational NMS model        Dimensional, Mechanical, Biological, Functional
  Lattice design process         Dimensional, Mechanical, Biological
  MFEA                           Mechanical, Functional
  STL conversion                 Dimensional
  Fabrication                    Dimensional, Mechanical, Biological
  Material recycling             Dimensional, Mechanical, Biological
  Cleaning and Finishing         Dimensional, Mechanical, Biological, Physicochemical
  Surface modification           Dimensional, Mechanical, Biological, Physicochemical
  Sterilization and packaging    Dimensional, Mechanical, Biological, Physicochemical

10.1371/journal.pone.0195291.t006

###### Linking CMA with CQA groups.

![](pone.0195291.t006){#pone.0195291.t006g}

  Critical material attributes   Affected CQA
  ------------------------------ -----------------------------------------
  Recycling                      Dimensional, Mechanical, Biological
  Mix                            Mechanical, Biological
  Composition                    Mechanical, Biological, Physicochemical
  Storing                        Mechanical, Biological, Physicochemical
  Traceability                   Mechanical, Biological, Physicochemical
  Sterilizing method             Mechanical, Biological, Physicochemical
  Mechanical                     Mechanical, Biological
  Biological                     Mechanical
  Physicochemical                Mechanical, Biological, Physicochemical
  Material form                  Mechanical
  Necessary energy for binding   Mechanical, Biological, Physicochemical

QbD Step 5: Quality risk assessment {#sec037}
-----------------------------------

### Overview {#sec038}

Quality risk management (QRM) is an important element of QbD in order to verify that any changes in the product design are comprehended and correctly managed to ensure patient safety \[[@pone.0195291.ref201]\]. QRM ensures high quality product, identifying and controlling potential quality risks during development and manufacturing, using a realistic evaluation of the true level of risks that can occur \[[@pone.0195291.ref202]\]. One of the main activities of QRM is the risk assessment, where the initial list of potential causes of risk that can affect CQAs can be reduced by giving priority to only the most significant risks. Thus, these risks can be controlled through the product development process and its life cycle \[[@pone.0195291.ref203]\].

For a successful systematic implementation of any risk assessment, there are several QRM tools that need be used \[[@pone.0195291.ref204]\]. In the case of this study, the selected tools were the Ishikawa diagram and the Risk Breakdown Structure (RBS). The Ishikawa diagram, also known as fish bone diagram, is used to categorise risks in meaningful groups to facilitate the risk analysis process \[[@pone.0195291.ref205]\]. The Ishikawa diagram is composed of several branches, which are used to find and categorise the major influencing factors for a given problem \[[@pone.0195291.ref206]\]. The RBS is a table that depicts a hierarchical structure with descending levels that represent an increasing detail of risk sources to organise and structure risks in order to facilitate their understanding, communication and management \[[@pone.0195291.ref207]\].

[Fig 6](#pone.0195291.g006){ref-type="fig"} illustrates the focus of this present quality assessment study and the tools selected, which involves seven key elements. In future research the authors will work on a dedicated paper that will be focused on completing the four remaining QbD steps, to then develop a Failure Mode and Affects Analysis (FMEA) form containing corrective and preventive actions to mitigate all the critical potential failures and risks to prevent defective products reach the customer \[[@pone.0195291.ref208], [@pone.0195291.ref209]\].

![Flow chart of selected quality risk assessment tools, and scope of present study.](pone.0195291.g006){#pone.0195291.g006}

### Risk identification {#sec039}

Before risks can be properly managed, they need to be identified. Any factor with an uncertain probability of occurring that can influence the outcome of a project is considered a risk source or risk hazard. Identifying hazards involves learning as much as possible about what things could affect the project or could go wrong, and what the outcome for each would be. The risk identification process was conducted by a systematic literature search taking into account the CQA, CPP and CMA previously identified. However, for an ideal risk identification during product development, all of the stakeholders, such as medical doctors, designers and manufacturers, need to have a proactive attitude to identify and control potential risks to quality, having a clear understanding of the customers, market, process, and the product definition \[[@pone.0195291.ref201]\].

The design and manufacturing processes of custom bone prosthesis involves many steps, leading to potential mistakes that can occur in any of the workflow processes such as medical image acquisition, data transfer, segmentation process, and additive machine settings \[[@pone.0195291.ref144]\]. Moreover, in any of these processes, imperceptible dimensional errors can occur affecting the final product accuracy \[[@pone.0195291.ref210]\]. This results in inaccurate and imperceptible distorted models, leading to surgery mistakes and wrong prosthesis measurements \[[@pone.0195291.ref211]\].

During the image acquisition step, different kinds of errors can occur if the instructions provided by the design company and the medical doctor are not strictly followed. Therefore, it is important to follow the CT scanning protocol provided. For example, the gantry tilt, that is the angle in which the patient is scanned, should be set at zero degrees. If this this is not followed, and the gantry angle is small, it will lead to imperceptible errors in the final model \[[@pone.0195291.ref212]\]. Additionally, is important to not have low resolution images nor to compress the images file, because it can lead to loss of information quality and cause discrepancies \[[@pone.0195291.ref140]\].

One of the most common errors that occurs in the CT image acquisition process is due to a patient's involuntary movement that can result in distorted images \[[@pone.0195291.ref211]\]. For example, for maxillofacial surgery as little as 1 mm of displacement leads to useless models, and if the patient is scanned with a closed bite this will result in an overlap of upper and lower teeth \[[@pone.0195291.ref211]\]. Moreover, metal artefacts in the patient, such as dental amalgam or gold fillings can distort the CT images and affect the 3D model \[[@pone.0195291.ref211]\]. So, to generate a clean model, artefacts have to be removed by editing the CT images slice by slice \[[@pone.0195291.ref212]\].

Furthermore, during the image segmentation process of bones, noise can be found between boundaries of dense tissues, making it difficult to perform an approximated tissue differentiation \[[@pone.0195291.ref211]\]. This problem can be caused by an incorrect thresholding, where the voxels along the boundaries automatically acquire a wrong threshold value \[[@pone.0195291.ref144]\]. This happens because a voxel can only have one threshold value, so if it is located in a boundary and is shared by two tissues, it will acquire the threshold value of the dominant tissue \[[@pone.0195291.ref144]\]. Therefore, this is one of the most sensitive processes in the workflow \[[@pone.0195291.ref149]\].

Another typical error in 3D printing technologies is the stair step effect. This kind of error affects the surface resolution of the 3D printed part and can be caused by the slice thickness of the CT images, the part building orientation, the building layer thickness of the 3D printing machine, and by a wrong approximation of the freeform shape \[[@pone.0195291.ref213]\]. Nevertheless, these kinds of errors can be minimised, but not be completely eliminated, by changing the CT protocol, adjusting the 3D printer machine settings, and by an optimization of the STL model \[[@pone.0195291.ref213]\].

In traditional manufacturing methods, process monitoring and control have been widely employed in academic and industrial applications to ensure process consistency \[[@pone.0195291.ref214]\]. However, in AM, the adoption of process monitoring and control have been used mainly in research \[[@pone.0195291.ref215]\]. This is due to the fact that AM systems involve a multitude of factors with high complexity making this task extremely challenging \[[@pone.0195291.ref216]\]. Some of the variables involved are: part orientation \[[@pone.0195291.ref217]\], layer thickness, hatch spacing, bed temperature \[[@pone.0195291.ref218]\], laser diameter and temperature \[[@pone.0195291.ref189], [@pone.0195291.ref190]\], bed temperature, and cooling cycle \[[@pone.0195291.ref002]\]. Moreover, In AM systems, machine errors and incorrect machine settings, may cause irregularities in the model \[[@pone.0195291.ref213]\]. Unless adequately monitored and controlled, all of these factors will lead to a potential fabrication error compromising material properties, dimensional accuracy and biological safety.

Regardless of the 3D printing system used, cleaning and finishing of post-manufacture build parts is necessary \[[@pone.0195291.ref196]\]. The method to clean 3D printed parts varies according to the system used for their manufacture. For example, some systems need to build parts with support structures that need to be removed later \[[@pone.0195291.ref219]\], while powder based systems require the cleaning of the build parts from the remaining particles of the powder bed \[[@pone.0195291.ref190]\]. Moreover, depending on the desired surface finish, certain finishing processes are needed, such as tumbling and sandblasting \[[@pone.0195291.ref196]\]. However, porous parts can be affected by imperceptible inclusions of particles inside their pores compromising their biological safety \[[@pone.0195291.ref220]\].

Moreover, residual stress and dimensional distortion can be caused by a uniformly heating and cooling in metals, leading to premature failure and fatigue of the 3D printed part \[[@pone.0195291.ref221]\]. Nevertheless, this problem can be reduced using different approaches, such as heat treatments \[[@pone.0195291.ref222]\], the application of ultrasonic impact treatment (UIT) \[[@pone.0195291.ref223]\] or it can be controlled by an optimization of the 3D printing machine settings \[[@pone.0195291.ref221]\]. Additionally, in 3D printing powder based technologies, the distribution of the powder bed particles can affect the surface quality of the built part. This can be caused by wear of the coater blade, short of feed power \[[@pone.0195291.ref224]\], and material flowability \[[@pone.0195291.ref225]\].

Overall, a total of 85 main causes that lead to non-conformance quality were identified and allocated into the Ishikawa diagram and Risk Breakdown Structure (RBS). To avoid some of these risks communication protocols between surgeons, radiologists and engineers are essential in conjunction with strict quality control systems during the design and manufacturing processes of 3D printed prosthesis and scaffolds.

### Ishikawa diagram {#sec040}

In this study the Ishikawa diagram is composed of four branches. These branches are *method*, *machine*, *material*s and *people*. The *method* branch includes those factors related to the design and fabrication process. The *machine* branch compromises the machinery and equipment used in these processes. The *material* branch outlines the materials used in each process, and the *people* branch details the factors related to human resources. Using the Ishikawa diagram, all of the 86 identified risks are segregated according to the four categories of the diagram, a summary is presented in [Fig 7](#pone.0195291.g007){ref-type="fig"}.

![Ishikawa diagram, summary of causes of non-conformity to the quality of custom 3D printed bone implants.](pone.0195291.g007){#pone.0195291.g007}

### Risk breakdown structure {#sec041}

The Risk Breakdown Structure (RBS) developed for this study ([Table 7](#pone.0195291.t007){ref-type="table"}) consists of three hierarchical levels that categorise identified risks sources. In our RBS, each risk received a category number according to its hierarchical position that facilitates further risk assessment analysis. Therefore, the first hierarchical level (Level zero) of the RBS represents all the risks of non-conformance that affect the CQA of custom 3D printed bone prostheses and scaffolds. The second hierarchical level (Level 1) compromises the risks that belong to the four branches of the previous Ishikawa diagram, which are *Method*, *Machine*, *Material*, and *Personnel*. The third hierarchical level (Level 2) includes each sub-process presented in the design and fabrication workflow map that can affect the desired quality. The last columns of the RBS belongs to the fourth hierarchical level (Level 3). These columns contains the list of the 86 identified risks to non-conformance quality, including 178 effects on product quality. Additionally, to each risk was assigned a code number to facilitate its identification.

10.1371/journal.pone.0195291.t007

###### RBS of the causes of quality non-conformity in custom 3D printed bone prostheses.

![](pone.0195291.t007){#pone.0195291.t007g}

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Level 0                                  Level 1                                                                                                         Level 2                                                                                                                  Level\                                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                    3                                                                                                                                                                                                                                                                                                                                                                                      
  ---------------------------------------- --------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------- ----------
  **Non-conformance risks**                **1. Method**                                                                                                   **1. CT protocol**                                                                                                       **Code**                                                                                                                                             **Risk**                                                                                                                                                                     **Effect**                                           **Ref.**

  1.1.1                                    Difficulty to implement CT protocol. Use of wrong CT parameters                                                 • Model dimension distortion                                                                                             \[[@pone.0195291.ref149], [@pone.0195291.ref226]\]                                                                                                                                                                                                                                                                                                                                     

  1.1.2                                    Slice increment is too large or the slice thickness is too big                                                  • Stair step effect\                                                                                                     \[[@pone.0195291.ref210], [@pone.0195291.ref212], [@pone.0195291.ref213], [@pone.0195291.ref226]--[@pone.0195291.ref230]\]                                                                                                                                                                                                                                                             
                                                                                                                                                           • Rough dissolved surface\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
                                                                                                                                                           • Fail to capture thin bone (mainly in facial structures such as orbital walls)\                                                                                                                                                                                                                                                                                                                                                                                                                                
                                                                                                                                                           • Smooths out sharp corners greatly affecting the accuracy of sharp vertices or acute edges.                                                                                                                                                                                                                                                                                                                                                                                                                    

  1.1.3                                    Small radiation dose compared to slice thickness                                                                • Noise in images leads to wrong 3D reconstruction                                                                       \[[@pone.0195291.ref228]\]                                                                                                                                                                                                                                                                                                                                                             

  **2. Image acquisition**                 1.2.1                                                                                                           Wrong gantry tilt                                                                                                        • Distortion of 3D volumetric reconstruction                                                                                                         \[[@pone.0195291.ref132], [@pone.0195291.ref212], [@pone.0195291.ref227]\]                                                                                                                                                        

  1.2.2                                    Patient involuntary movement during CT scan                                                                     • Discrepancies in CT images\                                                                                            \[[@pone.0195291.ref211], [@pone.0195291.ref227], [@pone.0195291.ref230]\]                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Distortion of 3D volumetric reconstruction                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  1.2.3                                    Metallic artefacts                                                                                              • Distortion of 3D volumetric reconstruction                                                                             \[[@pone.0195291.ref132], [@pone.0195291.ref211], [@pone.0195291.ref227], [@pone.0195291.ref230]\]                                                                                                                                                                                                                                                                                     

  1.2.4                                    Compressed file or wrong file format                                                                            • Discrepancies in CT images\                                                                                            \[[@pone.0195291.ref140]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Low quality image resolution                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  **3. Image segmentation**                1.3.1                                                                                                           Incorrect thresholding or algorithm processing                                                                           • Fail to capture thin bone (mainly in facial structures such as orbital walls)\                                                                     \[[@pone.0195291.ref140], [@pone.0195291.ref144], [@pone.0195291.ref149], [@pone.0195291.ref210], [@pone.0195291.ref212], [@pone.0195291.ref226], [@pone.0195291.ref227]\]                                                        
                                                                                                                                                                                                                                                                                    • Larger or smaller models due to wrong boundaries\                                                                                                                                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                    • Noise in 3D volumetric reconstruction\                                                                                                                                                                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                    • Dimensional variations in the model                                                                                                                                                                                                                                                                                                                                                  

  **4. 3D volumetric reconstruction**      1.4.1                                                                                                           Incorrect mesh generation                                                                                                • Dimensional variations in the model\                                                                                                               \[[@pone.0195291.ref140], [@pone.0195291.ref144], [@pone.0195291.ref149], [@pone.0195291.ref226]\]                                                                                                                                
                                                                                                                                                                                                                                                                                    • Noise in 3D volumetric reconstruction\                                                                                                                                                                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                    • Loss of data\                                                                                                                                                                                                                                                                                                                                                                        
                                                                                                                                                                                                                                                                                    • Fail to capture thin bone                                                                                                                                                                                                                                                                                                                                                            

  1.4.2                                    Incorrect mesh optimization or refinement                                                                       • Poor and rough surface quality                                                                                         \[[@pone.0195291.ref149], [@pone.0195291.ref212]\]                                                                                                                                                                                                                                                                                                                                     

  1.4.3                                    Software used                                                                                                   • Dimensional variations in the model\                                                                                   \[[@pone.0195291.ref140], [@pone.0195291.ref144], [@pone.0195291.ref149], [@pone.0195291.ref226]\]                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Noise in 3D volumetric reconstruction\                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
                                                                                                                                                           • Loss of data\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                                           • Fail to capture thin bone                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  1.4.4                                    Conversion from DICOM to STL.                                                                                   • Dimensional variations in the model\                                                                                   \[[@pone.0195291.ref140], [@pone.0195291.ref144], [@pone.0195291.ref149], [@pone.0195291.ref226]\]                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Noise in 3D volumetric reconstruction\                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
                                                                                                                                                           • Loss of data\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                                           • Fail to capture thin bone                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  **5. Design**                            1.5.1                                                                                                           Software: file conversion between STL and CAD                                                                            • Loss of part details such as thin bone of the orbital wall, due to incomplete data transfer during file conversion\                                \[[@pone.0195291.ref226], [@pone.0195291.ref227], [@pone.0195291.ref230]\]                                                                                                                                                        
                                                                                                                                                                                                                                                                                    • Loss of thin bone\                                                                                                                                                                                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                    • Floating regions                                                                                                                                                                                                                                                                                                                                                                     

  1.5.2                                    Wrong freeform approximation                                                                                    • Stair step effect                                                                                                      \[[@pone.0195291.ref213]\]                                                                                                                                                                                                                                                                                                                                                             

  1.5.3                                    Wrong implant/scaffold design                                                                                   • Inclusions of particles inside closed cavities                                                                         \[[@pone.0195291.ref190]\]                                                                                                                                                                                                                                                                                                                                                             

  1.5.4                                    Wrong design (surface and unit cell)                                                                            • Wrong implant mechanical properties for soft-hard tissue contact adaptation (modulus of elasticity)                    \[[@pone.0195291.ref078], [@pone.0195291.ref108]\]                                                                                                                                                                                                                                                                                                                                     

  1.5.5                                    Close tolerances                                                                                                • Wrong tolerances of the fabricated part due to tolerances being geometry dependent                                     \[[@pone.0195291.ref190]\]                                                                                                                                                                                                                                                                                                                                                             

  1.5.6                                    Wrong scaffold pore design (unit cell), such as size, shape, and interconnection                                • Insufficient cell density and bone regeneration                                                                        \[[@pone.0195291.ref102], [@pone.0195291.ref108]\]                                                                                                                                                                                                                                                                                                                                     

  1.5.7                                    Insufficient support structures                                                                                 • Part or surface damage                                                                                                 \[[@pone.0195291.ref230]\]                                                                                                                                                                                                                                                                                                                                                             

  1.5.8                                    Wrong tolerances                                                                                                • Fusion of trapped particles                                                                                            \[[@pone.0195291.ref190]\]                                                                                                                                                                                                                                                                                                                                                             

  1.5.9                                    Incorrect material or design parameters                                                                         • Part shrinkage and distortion                                                                                          \[[@pone.0195291.ref213]\]                                                                                                                                                                                                                                                                                                                                                             

  1.5.10                                   Incorrect part orientation for fabrication                                                                      • Stair step effect\                                                                                                     \[[@pone.0195291.ref213], [@pone.0195291.ref217], [@pone.0195291.ref231]--[@pone.0195291.ref235]\]                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Undesired surface quality\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
                                                                                                                                                           • Orthotropic or transvers isotropic mechanical behaviour\                                                                                                                                                                                                                                                                                                                                                                                                                                                      
                                                                                                                                                           • Dimensional inaccuracy\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
                                                                                                                                                           • Bad surface quality\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
                                                                                                                                                           • Risk of warping\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
                                                                                                                                                           • Can increase fabrication time\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
                                                                                                                                                           • Leads to dimensional inaccuracies due to post machining                                                                                                                                                                                                                                                                                                                                                                                                                                                       

  **6. Simulation and FEA**                1.6.1                                                                                                           Discrepancies between computational simulation and experimental data, due to inaccurate micro precision in fabrication   • Inaccurate mechanical and biological properties as well as fluid dynamics                                                                          \[[@pone.0195291.ref233]\]                                                                                                                                                                                                        

  1.6.2                                    Errors in joint kinematics estimation                                                                           • May affect load computations.                                                                                          \[[@pone.0195291.ref158], [@pone.0195291.ref236]\]                                                                                                                                                                                                                                                                                                                                     

  1.6.3                                    Inaccurate estimation of bone contact forces                                                                    • Implant failure                                                                                                        \[[@pone.0195291.ref237], [@pone.0195291.ref238]\]                                                                                                                                                                                                                                                                                                                                     

  1.6.4                                    Inaccurate estimation of bone/implant contact forces                                                            • Inaccurate estimation of micromotion and stability between bone and implant                                            \[[@pone.0195291.ref237], [@pone.0195291.ref239]\]                                                                                                                                                                                                                                                                                                                                     

  1.6.5                                    Incorrect FEA parameters                                                                                        • Wrong design\                                                                                                          \[[@pone.0195291.ref239]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Wrong design optimization\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
                                                                                                                                                           • Wrong implant prediction of mechanical behaviour                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  **7. Fabrication**                       1.7.1                                                                                                           Inaccurate fabrication of micro-features such as pore size and shape                                                     • Reduced biological and mechanical performance\                                                                                                     \[[@pone.0195291.ref233]\]                                                                                                                                                                                                        
                                                                                                                                                                                                                                                                                    • Defective product                                                                                                                                                                                                                                                                                                                                                                    

  1.7.2                                    Localised material heating and cooling.                                                                         • Thermal warping or dimensional distortion\                                                                             \[[@pone.0195291.ref002], [@pone.0195291.ref221]--[@pone.0195291.ref223], [@pone.0195291.ref240], [@pone.0195291.ref241]\]                                                                                                                                                                                                                                                             
                                                                                                                                                           • Residual stress\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
                                                                                                                                                           • Material microstructure variation                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  1.7.3                                    Material contamination                                                                                          • Defective product due to impurities higher than max limits                                                             \[[@pone.0195291.ref226]\]                                                                                                                                                                                                                                                                                                                                                             

  1.7.4                                    Part overhanging features                                                                                       • Undesirable defects                                                                                                    \[[@pone.0195291.ref164]\]                                                                                                                                                                                                                                                                                                                                                             

  1.7.5                                    Residual polymerization                                                                                         • Inaccurate parts                                                                                                       \[[@pone.0195291.ref227]\]                                                                                                                                                                                                                                                                                                                                                             

  1.7.6                                    Fabrication layer thickness.                                                                                    • Stair step effect in Z direction\                                                                                      \[[@pone.0195291.ref149], [@pone.0195291.ref212], [@pone.0195291.ref213], [@pone.0195291.ref218], [@pone.0195291.ref240], [@pone.0195291.ref242]\]                                                                                                                                                                                                                                     
                                                                                                                                                           • Material density\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Surface roughness                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  1.7.7                                    Large scanning spacing or hatch spacing                                                                         • Stair step effect in X and Y directions, leading to dimensional inaccuracy\                                            \[[@pone.0195291.ref213], [@pone.0195291.ref218], [@pone.0195291.ref235], [@pone.0195291.ref240]\]                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Insufficient bonding between scan tracks\                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Poor mechanical properties                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  1.7.8                                    Low scanning spacing or hatch spacing                                                                           • Slowdown the fabrication process\                                                                                      \[[@pone.0195291.ref235]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Increases amount of energy require\                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
                                                                                                                                                           • Increases fabrication cost                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  1.7.9                                    Laser diameter                                                                                                  • Omission of part fine details                                                                                          \[[@pone.0195291.ref190], [@pone.0195291.ref227]\]                                                                                                                                                                                                                                                                                                                                     

  1.7.10                                   High laser temperature                                                                                          • Part shrinkage\                                                                                                        \[[@pone.0195291.ref189], [@pone.0195291.ref213]\]                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Fusion of surrounding particles\                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
                                                                                                                                                           • Over-curing or over-sintering                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  1.7.11                                   Low laser temperature                                                                                           • Slow fabrication process\                                                                                              \[[@pone.0195291.ref235]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Increases fabrication cost                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

  1.7.12                                   Powder bed temperature                                                                                          • Variation on part density and mechanical properties\                                                                   \[[@pone.0195291.ref218], [@pone.0195291.ref235], [@pone.0195291.ref243]\]                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Age hardening of material                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  1.713                                    Material thermal and phase change effects                                                                       • Part shrinkage                                                                                                         \[[@pone.0195291.ref240]\]                                                                                                                                                                                                                                                                                                                                                             

  1.7.14                                   Incorrect cooling cycle                                                                                         • Thermal warping\                                                                                                       \[[@pone.0195291.ref002], [@pone.0195291.ref190]\]                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Changes in colour\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
                                                                                                                                                           • Variation in material microstructure.\                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
                                                                                                                                                           • Damage of unsintered powder                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

  1.7.15                                   Part exposition to atmosphere when still at high temperature                                                    • Changes in colour                                                                                                      \[[@pone.0195291.ref190]\]                                                                                                                                                                                                                                                                                                                                                             

  1.7.16                                   Different professional terminologies                                                                            • Defective product\                                                                                                     \[[@pone.0195291.ref118]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Misinterpretation of different terminologies from the different fields involved.                                                                                                                                                                                                                                                                                                                                                                                                                              

  1.7.17                                   Process documentation and expression of documents                                                               • Defective product.\                                                                                                    \[[@pone.0195291.ref118]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Inaccurate product definition\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
                                                                                                                                                           • Inefficient workflow\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
                                                                                                                                                           • Miscommunication and difficulty to understand different terminologies from the different fields involved                                                                                                                                                                                                                                                                                                                                                                                                      

  1.7.18                                   Communication method (technology used)                                                                          • Defective product\                                                                                                     \[[@pone.0195291.ref118], [@pone.0195291.ref244]\]                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Inefficient workflow\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
                                                                                                                                                           • Inappropriate interpretation of the transferred knowledge                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  1.7.19                                   Difficulty to monitor fabrication process                                                                       • Can leads to reduced quality\                                                                                          \[[@pone.0195291.ref031], [@pone.0195291.ref215], [@pone.0195291.ref218], [@pone.0195291.ref245], [@pone.0195291.ref246]\]                                                                                                                                                                                                                                                             
                                                                                                                                                           • Process inconsistency\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
                                                                                                                                                           • Unreliability                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  1.7.20                                   Inaccurate/inefficient material recycling method                                                                • In powdered materials this can lead to larger particle size, contamination, and oxidation.                             \[[@pone.0195291.ref002], [@pone.0195291.ref003], [@pone.0195291.ref188], [@pone.0195291.ref190]\]                                                                                                                                                                                                                                                                                     

  **8. Finishing**                         1.8.1                                                                                                           Removal of supporting structures                                                                                         • Part damage\                                                                                                                                       \[[@pone.0195291.ref212], [@pone.0195291.ref227]\]                                                                                                                                                                                
                                                                                                                                                                                                                                                                                    • Lead to surface roughness where support structures were allocated                                                                                                                                                                                                                                                                                                                    

  1.8.2                                    Part cleaning (Sand blasting)                                                                                   • Part damage (changes in part dimensions)\                                                                              \[[@pone.0195291.ref166], [@pone.0195291.ref190], [@pone.0195291.ref220], [@pone.0195291.ref247]\]                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Inclusions of particles in porous structures (biological contamination)                                                                                                                                                                                                                                                                                                                                                                                                                                       

  1.8.3                                    Surface modification method                                                                                     • Discrepancy in mechanical behaviour                                                                                    \[[@pone.0195291.ref121]\]                                                                                                                                                                                                                                                                                                                                                             

  **9. Surface topography modification**   1.9.1                                                                                                           Surface topography modification parameters.                                                                              • Wrong biological performance\                                                                                                                      \[[@pone.0195291.ref083], [@pone.0195291.ref106], [@pone.0195291.ref107], [@pone.0195291.ref248]\]                                                                                                                                
                                                                                                                                                                                                                                                                                    • Biofilm formation                                                                                                                                                                                                                                                                                                                                                                    

  1.9.2                                    Selection of surface topography modification method.                                                            • Different biological performance\                                                                                      \[[@pone.0195291.ref083], [@pone.0195291.ref249]\]                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Biofilm formation                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  **10. Implant dimensional validation**   1.10.1                                                                                                          Difficulty locating land marks to measure the model.                                                                     • Wrong measurement of model                                                                                                                         \[[@pone.0195291.ref118], [@pone.0195291.ref227]\]                                                                                                                                                                                

  1.10.2                                   Human error during measurement                                                                                  • Wrong measurement of model                                                                                             \[[@pone.0195291.ref118], [@pone.0195291.ref227]\]                                                                                                                                                                                                                                                                                                                                     

  1.10.3                                   Dimensional validation method                                                                                   • Wrong measurement of model                                                                                             \[[@pone.0195291.ref118], [@pone.0195291.ref227]\]                                                                                                                                                                                                                                                                                                                                     

                                           **11. Sterilization**                                                                                           1.11.1                                                                                                                   Wrong selection of sterilization method                                                                                                              • Implant dimensional changes\                                                                                                                                               \[[@pone.0195291.ref114], [@pone.0195291.ref250]\]   
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Alteration of surface chemistry and morphology                                                                                                                                                                                  

  1.11.2                                   Inefficient sterilization                                                                                       • Biological hazard, such as viral and microbial transmission\                                                           \[[@pone.0195291.ref197], [@pone.0195291.ref251], [@pone.0195291.ref252]\]                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Leads to revision surgery                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  **2. Machine**                                                                                                                                           2.1                                                                                                                      Building speed variation                                                                                                                             • Inaccurate part dimensions\                                                                                                                                                \[[@pone.0195291.ref213], [@pone.0195291.ref235]\]   
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Defective part\                                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Higher cooling rates\                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Higher material porosity                                                                                                                                                                                                        

  2.2                                      Misalignment of positioning system                                                                              • Inaccurate part dimensions\                                                                                            \[[@pone.0195291.ref213]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Defective part                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

  2.3                                      Part movement during fabrication                                                                                • Inaccurate part dimensions\                                                                                            \[[@pone.0195291.ref213]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Defective part                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

  2.4                                      Clogged print head or Nuzzle                                                                                    • Damaged or defective part                                                                                              \[[@pone.0195291.ref213], [@pone.0195291.ref218]\]                                                                                                                                                                                                                                                                                                                                     

  2.5                                      Worn coater blade                                                                                               • Low surface quality                                                                                                    \[[@pone.0195291.ref224]\]                                                                                                                                                                                                                                                                                                                                                             

  2.6                                      Short of feed powder                                                                                            • Low surface quality                                                                                                    \[[@pone.0195291.ref224]\]                                                                                                                                                                                                                                                                                                                                                             

  2.7                                      Laser failure                                                                                                   • Internal defects\                                                                                                      \[[@pone.0195291.ref220], [@pone.0195291.ref253]\]                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Undesirable porosities                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  2.8                                      Random errors in parts made by the same process, using the same material and parameters                         • No identical implants                                                                                                  \[[@pone.0195291.ref240]\]                                                                                                                                                                                                                                                                                                                                                             

  2.9                                      Localised material heating and cooling                                                                          • Thermal warping\                                                                                                       \[[@pone.0195291.ref002], [@pone.0195291.ref221]--[@pone.0195291.ref223], [@pone.0195291.ref240], [@pone.0195291.ref241]\]                                                                                                                                                                                                                                                             
                                                                                                                                                           • Dimensional distortion\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
                                                                                                                                                           • Residual stress\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
                                                                                                                                                           • Material phase change effects                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  2.10                                     Machine maintenance                                                                                             • Equipment failure\                                                                                                     \[[@pone.0195291.ref164], [@pone.0195291.ref254]\]                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Inefficiency                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  2.11                                     Machine calibration                                                                                             • Dimensional inaccuracies\                                                                                              \[[@pone.0195291.ref164], [@pone.0195291.ref255]\]                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Low quality parts                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  2.12                                     Machine parameters                                                                                              • Dimensional accuracy\                                                                                                  \[[@pone.0195291.ref164], [@pone.0195291.ref218], [@pone.0195291.ref235]\]                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Low quality parts\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
                                                                                                                                                           • Unreliable mechanical properties                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  2.13                                     Difficulty to monitor fabrication process                                                                       • Can leads to reduced quality\                                                                                          \[[@pone.0195291.ref031], [@pone.0195291.ref215], [@pone.0195291.ref218], [@pone.0195291.ref245], [@pone.0195291.ref246]\]                                                                                                                                                                                                                                                             
                                                                                                                                                           • Process inconsistency\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
                                                                                                                                                           • Unreliability                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  **3. Personnel**                                                                                                                                         3.1                                                                                                                      Poor communication between design team and surgeon                                                                                                   • Inaccurate product\                                                                                                                                                        \[[@pone.0195291.ref256], [@pone.0195291.ref257]\]   
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Difficulty to predict surgery risks and results                                                                                                                                                                                 

  3.2                                      Misinterpretation of the transferred knowledge                                                                  • Defective product\                                                                                                     \[[@pone.0195291.ref118]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Inefficient workflow\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
                                                                                                                                                           • Inaccurate product definition                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  3.3                                      Availability of high qualified personal in the necessary professional skills                                    • Can lead to low performance\                                                                                           \[[@pone.0195291.ref017], [@pone.0195291.ref258]\]                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Difficulties in product development                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

  3.4                                      Material Suppliers                                                                                              • Low material quality                                                                                                   \[[@pone.0195291.ref259]\]                                                                                                                                                                                                                                                                                                                                                             

  3.5                                      Fabrication/design suppliers                                                                                    • Low quality                                                                                                            \[[@pone.0195291.ref118], [@pone.0195291.ref259]\]                                                                                                                                                                                                                                                                                                                                     

  3.6                                      Deficient personnel traits and training                                                                         • High chances of mistakes during design and fabrication processes, leading to low quality products                      \[[@pone.0195291.ref017]\]                                                                                                                                                                                                                                                                                                                                                             

  3.7                                      Lack of training and experience due to introduction of new technologies and surgical methods (medical doctor)   • Inaccurate use of implant\                                                                                             \[[@pone.0195291.ref257], [@pone.0195291.ref260]\]                                                                                                                                                                                                                                                                                                                                     
                                                                                                                                                           Higher surgery risk                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  3.8                                      Low stakeholders involvement during the product development and design process                                  • Incorrect product characteristics                                                                                      \[[@pone.0195291.ref260], [@pone.0195291.ref261]\]                                                                                                                                                                                                                                                                                                                                     

                                                                                                                                                           3.9                                                                                                                      Limited knowledge of patient's current health condition an biological characteristics                                                                • Poor preoperative planning\                                                                                                                                                \[[@pone.0195291.ref152], [@pone.0195291.ref262]\]   
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Iatrogenic trauma\                                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Concomitant injuries and illnesses\                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Longer operation time\                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Increment of revision surgeries\                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Higher infection rate\                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Decreased of bone healing rate                                                                                                                                                                                                  

  **4. Materials**                                                                                                                                         4.1                                                                                                                      Material stored under sun light and humid places                                                                                                     • Damage material and contamination\                                                                                                                                         \[[@pone.0195291.ref007], [@pone.0195291.ref213]\]   
                                                                                                                                                                                                                                                                                                                                                                                                                                         • Distinct mechanical properties                                                                                                                                                                                                  

  4.2                                      Expired material                                                                                                • Inconsistent mechanical properties\                                                                                    \[[@pone.0195291.ref213]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Inconsistent printing quality                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  4.3                                      Wrong material mix (% of virgin and % of recycled)                                                              • Inconsistent mechanical properties                                                                                     \[[@pone.0195291.ref189]\]                                                                                                                                                                                                                                                                                                                                                             

  4.4                                      Wrong powder particle size                                                                                      • Incorrect particle bonding,\                                                                                           \[[@pone.0195291.ref149], [@pone.0195291.ref188], [@pone.0195291.ref190], [@pone.0195291.ref242], [@pone.0195291.ref263]\]                                                                                                                                                                                                                                                             
                                                                                                                                                           • Weaken part areas.\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
                                                                                                                                                           • Incorrect powder material flowability\                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
                                                                                                                                                           • Decreases fabrication resolution                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  4.5                                      Wrong material characteristics and contamination                                                                • Inconsistent mechanical properties, not compliance with regulations                                                    \[[@pone.0195291.ref164], [@pone.0195291.ref188], [@pone.0195291.ref190]\]                                                                                                                                                                                                                                                                                                             

  4.6                                      Wrong material selection                                                                                        • Reduced implant biocompatibility\                                                                                      \[[@pone.0195291.ref264]\]                                                                                                                                                                                                                                                                                                                                                             
                                                                                                                                                           • Reduced life span                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  4.7                                      Material reuse times                                                                                            • Can lead to contamination\                                                                                             \[[@pone.0195291.ref002], [@pone.0195291.ref189], [@pone.0195291.ref190], [@pone.0195291.ref199]\]                                                                                                                                                                                                                                                                                     
                                                                                                                                                           • Increment in oxygen content,\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                                           • Less spherical and rougher powder particles\                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
                                                                                                                                                           • Increase in powder flowability, Inconsistent mechanical properties                                                                                                                                                                                                                                                                                                                                                                                                                                            
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The code consists in a number of 3 digits (***i*.*j*.*k***) if the risk belongs to the Ishikawa branch *Method*, in Level 1, However, for the risks that belong to the Ishikawa branches *Machine*, *Personnel*, and *Material* the code number is compose by two digits (***i*.*k***). The first digit *"****i****"* refers to the Ishikawa branch were the risk is allocated. The second digit *"****j****"* references the sub-process of the workflow map where the risk was identified (note that for *Machine*, *Personnel*, and *Material* the digit *"****j****"* is not present). The last digit *"****k****"* is the enumeration of each risk belonging to a sub-process or to one of the Ishikawa branches in the case of *Machine*, *Personnel*, and *Material*.

### Interviews {#sec042}

A total of six semi-structured interviews were performed in October 2017. To maintain the participants' confidentiality and anonymity a code was assigned to each of them as A, B, C, D, E, and F. Overall, the participants' expertise comprised a good mix of researchers, industry experts, and medical practitioners from different fields related to medical device development, 3D bone printed implants, motion capture, tissue engineering, orthopaedic surgery, bone biomechanics, computational neuromuscular modeling, and nano engineered implants. The duration of each interview ranged from 30 to 90 minutes. Four sets of face to face interviews were conducted in Australia, and two via video conference in Australia and USA, (see supplementary material in [S2 File](#pone.0195291.s002){ref-type="supplementary-material"}). All interviews were carried out by the first author of this paper on a one-to-one basis.

Overall, the interviewees agree that adapted QbD system of this study can be used to achieve the same benefits that the adapted QbD system proposed in this study has strong potential to achieve the same benefits that have been delivered in the pharmaceutical sector. These four benefits were previously identified in the prior QbD study statistical analysis (see supplementary material in [S1 File](#pone.0195291.s001){ref-type="supplementary-material"}), namely: process understanding (PU), prediction and optimization (PO), reduction of experimental runs (RER), and development of robust manufacturing methods (DRM). Moreover, during the interviews the participants discussed, opportunities and benefits of applying QbD in this field.

According to the opinions of participating experts, one of the potential benefits that QbD can offer for the development of such products is clearer direction for the product development process by providing in-depth understanding of the numerous factors involved in it, allowing a better definition of product boundaries, targets, and potential modifications. Moreover, according to participants' comments the results of the adaptation of the QbD can enhance current design practices and accelerate product development by breaking down the whole development process into easily understandable sections that can independently be developed under the same goal. This will result in a more efficient process ultimately leading to a reduction in product development time, and risk. Furthermore, a good feature of QbD is that it "*can act as an insurance for innovation to be truly examined and analysed"* (Participant A). Moreover, *"having the backing of QbD it will definitely assist innovation towards commercialization"* (Participant E). All this can be possible due to the fact that QbD is a tool that facilitates a complete understanding of the product and its fabrication processes, requiring less testing of products and ideas to find optimal ranges of operation that then can be extrapolated to invent new products.

Other potential benefits identifies by interviewees was that QbD can facilitate communication between experts, because it breaks down the whole development process into coherent and manageable elements. Moreover, it was mentioned that the use of QbD and computational modelling will be critical for the development of personalised biological implants. Furthermore, three participants identified that there is a need for regulations in this emerging area and QbD would be a good framework to guide relevant regulatory bodies (e.g. FDA in the USA and TGA in Australia) to develop new quality standards for emerging customized medical products. One interviewee summarised their perceived benefits of a structured QbD framework in the following statement *"they can function better*, *break less*, *and give better outcomes"* (Participant C).

Discussion {#sec043}
==========

Implications for researchers, practitioners, and industry {#sec044}
---------------------------------------------------------

In this study we have provided a foundation for future studies to adapt the QbD approach for 3D printed bone implants. Therefore, our study offers the opportunity to refine and validate the concepts and constructs that emerged from it. Moreover, this early adaptation of the QbD approach can be used to assist and guide the early planning of the design and prototyping phases of any custom 3D printed bone implant in order to optimize research activities and resources, while controlling risks, improving quality and reducing costs.

In addition, practitioners can benefit from this research because 3D printing and QbD are providing the opportunity to design better products utilizing their experienced input in the design process. This represents an opportunity for specialists to compete, and be part of this growing market. Consequently, the future of the custom bone implants market can be driven by medical doctors with design skills and a deep product understanding to maintain a constant feedback for product improvement, based on their direct contact with patients.

Furthermore, the QbD approach can provide well-established design and manufacturing procedures to the 3D printed bone implants industry as has been shown in the pharmaceutical sector. Consequently, these robust procedures can be translated into quality improvement and reduced failure rates. Moreover, this adaptation of QbD will help the industry to optimize resources and accelerate product development time frames for 3D printed bone implants.

Future directions {#sec045}
-----------------

Future work seeks to: build the foundation of the three remaining steps of the QbD framework; generate detailed specifications for all elements of each step of the QbD framework for specific types of 3D printed bone implants; refine and quantify risks through a structured interview process; and finally implement the QbD framework (i.e. case study implementation). Collaboration with researchers, medical practitioners, additive manufacturing experts, and other appropriate industry practitioners is required to complete these pertinent research activities.

Limitations {#sec046}
-----------

The information available for this study was limited by the relatively recent repository of data available in peer reviewed journals compiled for the systematic search process, and by the challenge of obtaining opinion from the small community of experts working in this emerging field. To generate a more comprehensive QbD adaptation and risks assessment, it is necessary to collaborate with a large multidisciplinary team of specialists in this area, such as researchers, engineering designers, manufacturers and practitioners; this work will be subject for future research by the authors. However, despite these limitations, this current study was able to formulate and validate the architecture for the first five steps for the QbD framework, develop a detailed work-flow map of key processes, identify critical risks, and accurately allocate these risks to their sources and potential impacts.

Concluding remarks {#sec047}
------------------

Additive manufacturing is a paradigm shift for the medical device industry, innovatively changing the way that customized bone prostheses and scaffolds are designed and manufactured so as to extend product life and fulfil each customer's needs. However, this new technology in the medical market is limited by a lack of standards and quality assurance, leading to a deficiency in confidence by practitioners and consumers. Additionally, these issues, in conjunction with unproductive trial-and-error studies, are leading innovative products to die prematurely in the 'Valley of Death' due to high development costs, preventing new developments reaching pre-clinical and clinical studies to demonstrate product safety, and obtain regulatory approval. To address some of these problems, we propose the implementation of the QbD approach as it provides a strong framework for guiding research and practice in this emerging manufacturing technology and paves the way to ensure error-free 3D printed bone implants for consumers.

The aim of this study was to formulate and validate the first five steps of the QbD approach for the early development of custom 3D printed bone implants. The main outcomes of this work are: a detailed workflow map for the design and fabrication of custom 3D printed bone implants; and a RBS, which describes 86 risks that lead to quality non-conformances, and the associated 178 potential undesirable effects on product quality. The workflow map proposed by this study was developed to provide a more detailed picture of the activities involved in each process. This will aid future studies to take the most feasible route according to the implant's desired outcomes, complexity and chosen characteristics. The RBS developed in this study will facilitate future studies by identifying the most critical areas or activities related to the design and fabrication processes of such products and to be able to formulate adequate strategies and contingency plans to control these risks. Therefore, the developed QbD framework, in conjunction with adequate quality assurance technologies, can help to achieve better product and process understanding in order to develop within the established limits more robust design and manufacturing methods for 3D printed bone prostheses and scaffolds, as has been proven in the pharmaceutical sector. Consequently, these robust procedures can be translated into quality improvement and reduced failure rates, which will lead to heightened confidence in this emerging manufacturing technology. However, to achieve this, industry, researchers, and practitioners need to be greatly involved. Consequently, collaborative efforts are needed for the development and sharing of best practices in order to promote the use of this technology to foster innovation in this area.
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